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ABSTRACT OF THESIS 
 
 
EFFECT OF MATERNAL DIET ON SELECT FECAL BACTERIA IN MARES AND 
THEIR FOALS 
 
The process of microbial colonization in the gastrointestinal tract of foals and the 
factors influencing this process are not well understood. The objectives were to determine 
the effect of starch source in pelleted concentrates in the maternal diet on select fecal 
bacterial groups in mares and their foals and to evaluate changes in these bacterial groups 
over time. Thoroughbred foals (n=19) were from dams fed one of two concentrates: an 
oat-based (OB) or corn and wheat middling-based (CWB) pelleted concentrate. Fecal 
samples were collected from mares at 324 d of gestation, pre-foaling, 1 d, 14 d, and 28 d 
after parturition and from foals at 1 d, 4 d, 14 d, and 28 d after birth. Total starch-utilizing 
bacteria (TSU) and lactobacilli increased with age and were more numerous in the feces 
of OB foals compared to CWB foals at 1 d and 4 d of age (P<0.05). Foal cellulolytic 
bacteria were not influenced by maternal diet (P>0.05) and increased with age (P<0.05).  
There was no influence of starch source on fecal bacteria in mares (P>0.05). Lactobacilli 
and cellulolytic bacteria in mares decreased 1 d postpartum (P<0.05) whereas TSU 
remained stable over time (P>0.05). These results indicated that microbial colonization of 
the foal’s gastrointestinal tract begins soon after birth and some bacteria may be 
influenced by maternal diet. Furthermore, the hindgut microbiota of broodmares may be 
altered by parturition.  
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CHAPTER 1: INTRODUCTION 
 The diet of mature horses is mainly comprised of forages that are high in 
structural carbohydrates. As mammals, horses do not produce the necessary enzymes to 
breakdown complex structural carbohydrates, such as cellulose. However, many 
microbes in the gastrointestinal tract of the horse have the ability to digest the 
carbohydrates that are not digested by the horse. In turn, the microbes produce short 
chain fatty acids (SCFA) that are then absorbed and utilized as energy by the horse.  
When a diet of forage alone does not meet the nutrient requirements, concentrates 
are typically added to the diet. The starch found in cereal grains can be digested 
enzymatically in the small intestine, but can also be fermented by microbes in the hindgut 
(Potter et al., 1992). The amount of starch in the diet as well as the botanical origin of the 
starch used in the concentrate have been shown to alter the microbial community in the 
gastrointestinal tract of mature horses (de Fombelle et al., 2001; Harlow et al., 2016).  
The microbial community of the foal’s gastrointestinal tract develops after birth. 
Earing et al. (2012) demonstrated that there is relatively high similarity between the 
microbial communities in the feces of foals and their dams. However, little is known of 
the influence the maternal diet on the microbial community of the foal. Supplementing 
the maternal diet with a fermented feed product had transient effects on some fecal 
bacteria in the foal (Faubladier et al., 2013). Because of the importance of the microbial 
community in the digestion of nutrients, understanding the process of microbial 
colonization in the foal and the influential factors is necessary to develop strategies to 
optimize nutrient utilization and growth of the foal.  
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CHAPTER 2: LITERATURE REVIEW 
Carbohydrates in the Horse’s Diet 
 Horse are classified as non-ruminating roughage grazers (Ellis and Hill, 2005). 
The majority of their diet consists of plant material, however, they are monogastric. The 
stomach of monogastric animals consists of a single compartment in contrast to 
ruminants which have a multi-compartment stomach. Equines are also part of a group of 
herbivores referred to as hindgut fermenters, which includes rhinoceros, elephants and 
rabbits. Hindgut fermenters have a highly developed large intestine that has evolved to 
process carbohydrates in plant material that is not digested in the foregut. In particular, 
the cecum and colon are very distinct in hindgut fermenters; the cecum is a large 
sacculated fermentation vat, and the colon can be divided into four sections: right ventral, 
left ventral, left dorsal, and right dorsal. The cecum and colon are functionally similar to 
the rumen and reticulum, housing an active microbial community that forms a symbiotic 
relationship with the host by aiding in nutrient digestion. 
 The majority of equine diets consist of plant material either as fresh pasture or 
preserved as hay. The constituents of plant material can be divided into two main 
categories: the structural cell walls and the non-structural cell contents. The structural cell 
walls are comprised of cellulose, hemicellulose, pectin and lignin. The complex structural 
carbohydrates (cellulose, hemicellulose, and pectin) are not enzymatically digested in the 
foregut of the horse. Instead, they pass to the hindgut where they are fermented by the 
microbial community and converted to short chain fatty acids (SCFA) that are absorbed 
and utilized as energy by the horse (Argenzio et al., 1974). Lignin, while not a 
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carbohydrate, is a group of indigestible compounds that are closely associated with the 
structural carbohydrates. 
 The non-structural carbohydrate components of the plant cell contents are 
comprised mainly of simple sugars, glucose, fructose, sucrose, and starch. Most of the 
cell contents are highly digestible in the foregut of horses. Fructan (a type of storage 
carbohydrate) is not enzymatically digested in the foregut and is utilized by the microbial 
community in the hindgut of horses (Ince et al., 2014).  
The various carbohydrates found in forage typically provide enough energy to 
meet the energy requirements of mature, idle horses. However, some physiological 
classes of horses, including broodmares, have higher energy requirements that are not 
met by forage alone. Therefore, horses with increased energy requirements are typically 
fed concentrates with high amounts of non-structural carbohydrates (NSC) from cereal 
grains along with forage to meet their energy needs (NRC, 2007). The starch in these 
cereal grains is found in the endosperm and is primarily comprised of amylose and 
amylopectin molecules. The extent of enzymatic digestion of these molecules is 
dependent upon several factors including the level of intake, origin, and processing of the 
cereal grains (Radicke et al., 1991; Potter et al., 1992; Meyer et al., 1995; de Fombelle et 
al., 2004).  
Digestion of Carbohydrates in the Gastrointestinal Tract of Mature Horses 
Structural Carbohydrates 
Structural carbohydrates and fructans are resistant to enzymatic digestion in the 
foregut of the horse and therefore pass on to the hindgut where they are fermented by the 
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microbial community. Carbohydrates entering the hindgut vary in the rate of fermentation 
and the proportions of SCFAs produced. For example, pectin and fructans are rapidly 
fermented in the hindgut whereas hemicellulose and cellulose are slowly fermented. The 
slowly fermented carbohydrates typically produce higher proportions of acetate. 
Although acetate is the main SCFA produced by fermentation of structural carbohydrates, 
butyrate and propionate are also produced by the microbial community (Moore-Colyer et 
al., 2000). There is some controversy regarding the SCFAs produced from rapidly 
fermented carbohydrates. Some report that rapidly fermented carbohydrates yield lactate 
and propionate (Hoffman et al., 2001). In contrast, cecal lactate did not increase in ponies 
fed sugar beet feed (high in pectin, a rapidly fermented fiber) compared to ponies fed hay 
cubes (Moore-Colyer et al., 2000). Similarly, in ruminants, acetate production remained 
high and lactate production was low when pectin was fermented by rumen bacteria 
(Strobel and Russell, 1986).  
The microbiota in the hindgut that utilize fiber are very complex and include 4 
different microbial communities: bacteria, protozoa, fungi, and archaea (Alexander et al., 
1952; Kern et al., 1973; Kern et al., 1974). The taxonomic diversity of protozoa, fungi, 
and archaea have been described, however, little is known of their influence on digestive 
processes. Bacteria are the most studied microbial community in the gastrointestinal tract 
of horses. 
Cellulolytic bacteria are a functional group of microorganisms that produce 
enzymes capable of processing complex structural carbohydrates. On average, 
cellulolytics account for 1-9% of total bacteria in the cecum of horses (Kern et al., 1974; 
Mackie and Wilkins, 1988). Previous work has found more cellulolytic bacteria in the 
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cecum than in the colon (de Fombelle et al., 2003). The unique structure of the cecum 
increases retention time of digesta providing more time for cellulolytic bacteria to utilize 
the fiber. Increasing substrate availability will induce proliferation of cellulolytic 
bacteria, resulting in more cellulolytic bacteria in the cecum than in the colon of horses 
(de Fombelle et al., 2003). Three main species of cellulolytic bacteria have been 
identified in the hindgut of horses; Ruminococcus flavefaciens, R. albus, and Fibrobacter 
succinogens. These three species were first identified by morphological criteria 
(Bonhomme, 1986) and later using molecular-based techniques (Julliand et al., 1999; 
Hastie et al., 2008) with R. flavefaciens as the predominant cellulolytic species. 
Non-structural Carbohydrates  
When a diet consisting of forage alone does not meet the energy requirements of 
horses, cereal grains high in NSC are typically added to the diet. The main energy source 
in cereal grains is starch (Evers et al., 1999). Starch is comprised of two main 
components: amylose and amylopectin in varying amounts. Amylose is a linear chain of 
glucose linked via α-1,4 glycosidic bonds whereas amylopectin is a branched chain of 
glucose with α-1,6 glycosidic bonds. Starch is highly digestible over the total equine 
gastrointestinal tract (>90%), however, there is significant variation in the extent of 
digestion in the equine foregut (Kienzle et al., 1994; Varloud et al., 2004). Several factors 
affect the extent of enzymatic starch digestion that occurs in the foregut, such as 
botanical origin, amount, and processing. Starch that is not enzymatically digested in the 
foregut will pass to the hindgut where it will be rapidly fermented by microbes in the 
large intestine (Potter et al., 1992). 
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Sites of Digestion and Absorption of End Products  
The saliva of horses is mostly water with less bicarbonate and sodium and more 
calcium and chloride than ruminants. Furthermore, horses have very low secretion of 
digestive enzymes in saliva, and therefore, oral carbohydrate digestion in the mouth is 
negligible (de Fombelle et al., 2003).  
Very few digestive enzymes are secreted in the stomach of the horse. Pepsinogen 
and lipase are the only two digestive enzymes and they are secreted by the chief cells in 
the fundic (secretes pepsinogen and lipase) and pyloric (secretes pepsinogen) mucosa 
(Moreau et al., 1988). Although some digestive enzymes are secreted in the stomach, 
there is no gastric secretion of amylase or brush-border disaccharidases. However, starch 
disappearance from the stomach has been reported (Varloud et al., 2004) and since 
gastric amylase is absent, microbial fermentation may be the source.  
Previous work has found a complex microbial community in the stomach of the 
horse that includes a functional group termed “starch-utilizing bacteria” (de Fombelle et 
al., 2003; Al Jassim et al., 2005; Varloud et al., 2007). Lactobacillus spp. and 
Streptococcus spp. are examples of starch-utilizing bacteria found in the gastrointestinal 
tract of horses (Goodson et al., 1988). Although the functional group found in the 
stomach is termed “starch-utilizing bacteria”, they also utilize other compounds such as 
lactose, maltose, and other oligosaccharides. The majority of starch-utilizing bacteria 
produce lactic acid.  
SCFAs and lactate are the main end products of gastric fermentation (Nadeau et 
al., 2000; de Fombelle et al., 2003; Varloud et al., 2007). Nadeau et al. (2003) determined 
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that SCFAs produced by microbial fermentation enter the non-glandular mucosa at pH ≤ 
4.0. Once in the cell, the cellular pH decreases, which inhibits sodium transport, resulting 
in cellular swelling. The lactic acid produced by fermentation in the stomach may be used 
by lactate- utilizing bacteria to produce SCFAs or flow to the small intestine where it 
should be absorbed. Therefore, an important mutualistic relationship exists between the 
lactate-producing bacteria and lactate-utilizing bacteria. 
Enzymatic digestion of dietary starch begins in the small intestine of the horse 
where pancreatic enzymes are secreted and hydrolyze glycosidic bonds. Pancreatic 
amylase initiates carbohydrate digestion in the lumen and will cleave the α-1,4 linkages 
of starch molecules, but will not cleave the α-1,6 linkages or the terminal α-1,4 linkages 
(Kienzle et al., 1994). The end products of amylase activity are disaccharides and 
oligosaccharides. Brush border membranes are present along the mucosa of the small 
intestine and complete hydrolysis of non-structural carbohydrates to yield glucose, 
galactose, and fructose (Dyer et al., 2002). These free sugars are readily absorbed in the 
proximal small intestine and provide high energy yield in comparison to the SCFAs 
produced by fermentation in the hindgut. 
Bacteria detected in the small intestine of horses include: starch-utilizing bacteria, 
lactate-utilizing bacteria, and cellulolytic bacteria (de Fombelle et al., 2003). Although 
cellulolytic bacteria were detected, they have not been found to exceed 3.0 x 102 cfu/ml 
(Kern et al., 1974; de Fombelle et al., 2003). In contrast, lactobacilli, streptococci, and 
lactate-utilizing bacteria ranged from 107-109 cfu/ml in the small intestine (Alexander and 
Davies, 1963; de Fombelle et al., 2003). Little is known of the role of bacteria in the 
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digestion of carbohydrates in the small intestine or the absorption of SCFAs and lactate 
produced by fermentation. It is probable that the small intestine of the horse functions 
similarly to sheep, with the ability to absorb lactate via active transporters (Ding and Xu, 
2003).  
Starch can be well digested in the foregut of the horse, however, large amounts of 
dietary starch can exceed enzymatic capacity, resulting in starch entering the hindgut 
intact. When starch reaches the hindgut it is rapidly fermented by the microbial 
community. Proliferation of starch-utilizing bacteria in the hindgut occurs with an 
increase in available starch, leading to an increase in lactic acid production (Julliand et 
al., 2001). Excessive lactic acid production decreases hindgut pH, inhibiting many 
bacteria (e.g. cellulolytic bacteria) and ultimately altering the dynamics of the microbial 
community (de Fombelle et al., 2001; Medina et al., 2002; Willing et al., 2009). Altering 
the microbial community of the hindgut  also has the potential to lead to gut pathologies 
such as laminitis (Garner et al., 1978). 
Lactobacilli and streptococci, two important starch-utilizing bacteria, were more 
numerous in the colon than in the cecum, 107 and 106 cfu/ml, respectively (de Fombelle et 
al., 2003). Similarly, lactate-utilizing bacteria were also more numerous in the colon than 
in the cecum, 106 and 105 cfu/ml, respectively (de Fombelle et al., 2003). These 
functional groups tend to associate with the rapidly fermentable substrates available in 
the hindgut, such as starch that has bypassed enzymatic digestion. Rapidly fermented 
carbohydrates are typically part of the liquid phase of the digesta and therefore evade the 
cecum, which may result in more starch-utilizing bacteria in the lower hindgut.  
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Starch-utilizing bacteria play an important role in the microbial ecology of the 
gastrointestinal tract, however, the bacteria in this functional group are not all equal. 
Lactobacilli can have positive health benefits by preventing the proliferation of 
pathogenic bacteria (Brook, 1999; Fooks and Gibson, 2002). In contrast, other starch-
utilizers, such as streptococci, may have negative health effects. Increasing Streptococcus 
spp. have been associated with a disturbance in the microbial community and also 
implicated in the onset of laminitis (Bailey et al., 2004; Milinovich et al., 2008).  
Lactic acid production is considered an intermediate product of starch 
fermentation and is further metabolized into SCFA that are absorbed by the animal. This 
process may be accomplished by many different bacteria including Megasphaera and 
Veillonella which are also known as “lactate-utilizing bacteria” (Daly et al., 2001; 
Shepherd et al., 2012; Biddle et al., 2013). 
The SCFAs produced from microbial fermentation of carbohydrates are 
efficiently absorbed in the hindgut and utilized for energy by the horse (Argenzio et al., 
1974). However, they do not yield as much energy as carbohydrates that are hydrolyzed 
and absorbed as monosaccharides in the small intestine. Furthermore, the metabolic 
pathways vary with the different SCFAs. Acetate, the primary SCFA produced, may be 
oxidized and used directly for energy (Pethick et al., 1993; Pratt et al., 2005), whereas 
propionate is used for gluconeogenesis in the liver (Simmons and Ford, 1991). There is 
little information on the role of butyrate in the horse, however, it is considered important 
in other species. In ruminants, butyrate is highly metabolized as a source of energy for 
the forestomach epithelial cells (Britton and Krehbiel, 1993). A similar use of butyrate 
may exist in the horse.  
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Factors Affecting Starch Bypass 
The percentage of starch that bypasses enzymatic digestion, reaching the hindgut, 
can range from 4% to 30% (Hintz et al., 1971; Hinkle et al., 1983; de Fombelle et al., 
2001). This wide range can be attributed to many factors influencing starch bypass, 
including the botanical source of starch, amount of starch in the diet, and the extent of 
grain processing. It is known that starch sources vary in susceptibility to foregut 
digestibility in horses. In particular, oat starch is more digestible in the foregut of the 
horse than corn starch (Meyer et al., 1995; de Fombelle et al., 2004). The composition of 
the starch granule plays a role in determining the extent of amylase activity on the starch 
granules of cereal grains such as corn and oats (Kienzle et al., 1997). Specifically, 
amylose content of the starch granule is inversely related to the extent of enzymatic 
digestion; increasing amylose content is associated with a decrease in amylase activity 
(Kienzle et al., 1997). Oats contain approximately 17-20% amylose whereas corn 
contains approximately 21-27% amylose (Morrison et al., 1984). Lower amylose content 
in oats agrees with other work demonstrating higher foregut digestibility of oats 
compared to corn, which contains higher amylose content (Meyer et al., 1995). Amylase 
activity on the starch granule also depends on the surface area to volume ratio with a 
smaller surface area to volume ratio allowing more surface for amylase to act. A review 
by Sujka and Jamroz (2007) revealed that oat starch has approximately twice as much 
surface area than corn and wheat starch, indicative of oat starch being more available to 
enzymatic digestion than corn starch.  
The level of starch intake can also greatly influence the amount of starch that 
bypasses enzymatic digestion in the foregut. Potter et al. (1992) found that when horses 
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were fed increasing amounts of chopped corn (0.02 to 0.55% of BW/meal), prececal 
starch digestibility did not continue to increase when starch intake exceeded 0.4% of 
BW/meal. However, other researchers have observed effects on large intestinal variables 
at lower starch intakes (Julliand et al., 2001). In order to reduce the amount of starch 
reaching the hindgut, potentially altering the microbial community, it has been 
recommended that starch intake should not exceed 2 g/kg BW·meal (Kienzle et al., 1992; 
Potter et al., 1992; Meyer et al., 1995).  
Various methods of processing cereal grains are commonly used in the 
preparation of commercial concentrate horse feeds. Methods of grain processing include 
steam flaking, pressure toasting, pelleting, or rolling and grinding. The ultimate goal of 
cereal grain processing is to increase the nutritional value of the feeds by increasing the 
availability of the starch within these cereal grains to enzymatic digestion in the foregut.  
 Many studies have demonstrated that grain processing (grinding, micronizing, and 
pelleting) increases prececal starch digestibility, which in turn, increases glucose 
availability. Rolling or crushing oats and corn did not significantly increase starch 
digestibility compared to unprocessed grains, however, grinding did improve prececal 
digestibility of oats and corn (Radicke et al., 1991; Meyer et al., 1995; de Fombelle et al., 
2003). The differences in digestibility observed between rolling or crushing and grinding 
could be attributed to the similarity of rolling or crushing to the natural chewing motion 
of horses. Grinding alters the structure of the grain by increasing surface area, enhancing 
the availability of starch to digestive and bacterial enzymes, subsequently increasing 
digestibility. In contrast, rolling or crushing the grains did not increase the surface area to 
the same extent as grinding, thus producing a particle size similar to that of chewing 
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unprocessed grains. Nielsen et al. (2010) used glycemic response as an indicator of 
prececal starch digestibility and found that thermal processing induces the greatest 
glycemic response compared to other processing methods. Pelleted steam-processed corn 
produced a higher glycemic response than cracked corn. Together, these results indicate 
that thermal processing increases prececal degradation of starch, therefore increasing 
glucose absorption in the small intestine, and decreasing starch bypass to the hindgut 
microbial community.  
There has been limited investigation into the effects of grain processing on 
hindgut fermentation in horses. However, a study by McLean et al. (2000) found that 
when ponies were fed a diet of micronized or extruded barley with hay cubes, 
fermentation parameters were similar to ponies fed a diet of hay cubes only. In contrast, 
rolled barley fed with hay cubes negatively affected fermentation parameters compared to 
the diet of hay cubes only (McLean et al., 2000). Although more research is required to 
fully understand how grain processing affects the microbial community of the hindgut, it 
is possible that thermal processing of cereal grains may minimize hindgut disturbances by 
increasing prececal digestibility. 
Influence of Dietary Changes on the Microbial Community  
 Proliferation of starch-utilizing bacteria with a concomitant decrease in 
cellulolytic bacteria have been observed with high starch diets compared to a high fiber 
diet (Drogoul et al., 2001; Julliand et al., 2001; Medina et al., 2002). High starch diets 
compared to high fiber diets and feeding other rapidly fermentable fibers have been 
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implicated in the development of gastrointestinal disease (Clarke et al., 1990; Bailey et 
al., 2004).  
Previous work in our lab found an effect of dietary starch source on fecal bacteria 
in mature horses (Harlow et al., 2015a; Harlow et al., 2016). In vitro, the researchers 
found that enumeration of starch-utilizing bacteria from fecal cell suspensions were 
greater when incubated with ground corn than with ground oats. Furthermore, there were 
more lactate-utilizing bacteria and lactobacilli when incubated with ground oats than with 
ground corn (Harlow et al., 2015a). Similarly, adding cereal grains to the diet of mature 
horses altered the fecal microbial community in vivo (Harlow et al., 2016). Fecal bacteria 
were more markedly affected by the addition of cracked corn to the diet than whole oats. 
There were more lactobacilli in oat-fed horses than corn-fed horses, whereas there were 
fewer cellulolytic bacteria in the feces of horses fed corn and wheat middlings than 
horses fed oats (Harlow et al., 2016). From these results it is evident that when cereal 
grains are fed to mature horses with little to no processing, the fecal microbial 
community can be altered and the effects appear to be starch source dependent.  
Methods of Evaluating the Microbial Community  
Studying the microbial community of the hindgut of horses may be accomplished 
by collecting samples from live animals fitted with cecal or colonic cannulas, post-
mortum, or from feces (de Fombelle et al., 2003; da Veiga et al., 2005; Harlow et al., 
2015b). The use of feces provides a less intrusive and more ethically favorable alternative 
to cannulation or euthanasia. Fecal samples can easily be collected immediately after 
defecation by catch, from fresh droppings off of the floor, or directly from the rectum. 
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There have been a few studies specifically comparing the fecal microbial communities to 
the different segments of the hindgut in horses. Using culture-based methods, studies 
found more total anaerobic bacteria in the feces than in the right ventral colon, however, 
fecal cellulolytic bacteria and fecal lactobacilli were reportedly similar to the right ventral 
colon (de Fombelle et al., 2003; da Veiga et al., 2005; Muller et al., 2008; Muhonen et 
al., 2010). There have also been several studies using molecular-based methods to 
investigate the differences in microbial community between feces and the hindgut of 
horses (Hastie et al., 2008; Dougal et al., 2012; Schoster et al., 2013; Costa et al., 2015a). 
The combined results of these studies suggest that fecal microbiome is similar to that of 
the distal hindgut, but differs from the proximal part of the hindgut. This similarity to the 
hindgut is an important consideration when extrapolating data from the fecal microbial 
community because the cecum and ventral colon are crucial in the degradation of 
structural carbohydrates. Although feces may be representative of the hindgut, the fecal 
microbial community does not appear to be similar to that of the proximal portions of the 
gastrointestinal tract (stomach and small intestine).  
 Regardless of the origin of the samples, the techniques used to assess microbial 
communities are also diverse. In general, researchers have used either culture-based 
methods or molecular-based methods to investigate the complex microbial community in 
the hindgut of horses. Culture-based methods, in combination with serial dilutions, 
provide a means of quantifying functional groups of bacteria as part of the microbial 
community. Different growth media are utilized to multiply microbial organisms under 
laboratory control in order to determine bacterial abundance. Along with information on 
the abundance of specific bacteria, culture-based methods also provide information on the 
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functionality of specific bacteria. The major disadvantage to using culture-based methods 
is that only a small portion of bacteria from the hindgut of horses have been cultured. 
Media used for culture-based methods typically have a compound that promotes the 
growth of a specific bacteria of interest or inhibits the growth of others, hence the term 
“selective media”. Therefore, specific growth requirements must be known in order to 
develop a media that is “selective” for the bacteria of interest. Another important factor to 
consider when using culture-based methods is sample handling. Previous work has found 
that sample storage time before inoculation of media and temperature during sample 
storage both influence numerations of lactobacilli and cellulolytic bacteria. Harlow et al. 
(2015b) found that storing fecal samples for 4 h at 37°C did not affect enumeration of 
Lactobacillus spp. when compared to initial enumerations. However, lactobacilli 
decreased after 2 h when stored at room temperature (22°C-24°C) or 4°C, compared to 
initial enumerations. In contrast to lactobacilli, cellulolytic bacteria began to decrease 
after 2 h of storage regardless of storage temperature. Freezing samples before 
inoculating media is convenient, however, viability of rumen bacteria decreased when 
stored on ice or at 0°C before media inoculation (Dehority and Grubb, 1980). From these 
results, it is clear that sample handling is important when investigating bacteria using 
culture-based methods.  
Molecular-based methods, such as PCR, fingerprint techniques, and high-
throughput sequencing, utilize microbial DNA to provide information on the overall 
diversity and shifts in the microbial community, typically at higher classification levels 
(e.g. at the phyla level). A major advantage of using molecular-based methods is the 
ability to identify bacteria that have not been cultured. The resulting data, can potentially 
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be used to predict the conditions necessary to culture bacteria that have not previously 
been cultured. Molecular-based methods of evaluating the microbiome of the hindgut are 
able to provide in-depth insight of the composition, however, they appear to lack in 
detecting low-abundance bacteria. Another disadvantage of molecular-based methods is 
that no information is provided on the function of the bacteria. Culture-based and 
molecular-based methods used together would be ideal in providing information on the 
composition as well as specific functions of the complex microbial community of the 
hindgut of horses.  
Overall, the microbial communities found in the gastrointestinal tract of the adult 
horse are very complex and diverse. The use of culture-based and molecular-based 
methods have provided information on the presence and function of many different 
bacteria in the gastrointestinal tract of the adult horse and the various factors that 
influence this complex microbial community. We now know that microorganisms are 
present in differing proportions along the gastrointestinal tract and that diet composition 
greatly influences the presence and abundance of various functional groups. However, 
less is known about the succession of microbes in the neonatal gastrointestinal tract and 
the development of digestive processes.   
Digestive Processes in the Gastrointestinal Tract of the Developing Foal 
Open Versus Closed Gut  
The newborn foal must quickly adapt to the change from a constant supply of 
nutrients in utero to intermittent supply of nutrients from milk. The gastrointestinal tract 
plays an important role in nutrient supply but also plays a role in neonatal health. The 
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epitheliochorial placentation in the mare is comprised of six tissue layers, separating fetal 
capillaries from the dam’s capillaries. Large molecules, such as immunoglobulins, are 
unable to pass through these six layers of tissues during gestation, resulting in an absence 
of circulating immunoglobulins in the newborn foal. Consequently, foals must acquire 
immunity from the colostrum which contains a high concentration of immunoglobulins 
(Naylor, 1979; Raidal et al., 2005). In most newborn foals, non-selective absorption of 
macromolecules, such as immunoglobulins, can occur throughout the small intestine by 
specialized enterocytes. However, these immature enterocytes are rapidly replaced by 
mature enterocytes, incapable of non-selective pinocytosis (Jeffcott, 1972). Maximum 
non-selective absorption occurs soon after birth and progressively declines until all 
enterocytes have been replaced and macromolecules are no longer absorbed, which is 
termed “gut closure”. When gut closure begins before sufficient immunoglobulins have 
been absorbed, failure of passive transfer (IgG concentration <400 mg/dL in the foal) can 
occur and lead to reduced disease resistance in the foal (Robinson et al., 1993). To 
determine the duration of non-selective absorption of large molecules, Jeffcott (1971) fed 
a variety of markers to foals from birth to 48 h of age. The researchers found that 
absorption of markers rapidly declined from 3 to 20 h after birth and by 24 h there was no 
absorption of markers. More recently, Raidal et al. (2005) determined that foals absorb 
colostral immunoglobulins most efficiently within the first 12 h of birth. Delaying 
colostrum consumption for 12 h after birth significantly decreased the absorption of 
immunoglobulins from colostrum. Therefore, consumption of colostrum within 12 h after 
birth is vital to ensure adequate transfer of passive immunity.  
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Digestive Processes in the Foal 
As previously stated, newborn foals transition from continuous nutritional supply 
in utero to an intermittent supply upon birth. During this transition period, the energy 
source utilized by the foal may vary. Using respiratory quotients, Ousey et al. (1991) 
investigated the energy sources utilized by the foal within the first 24 h of life. 
Carbohydrates stored in the liver and skeletal muscle glycogen were the first energy 
source used immediately after birth, followed by the utilization of stored body fat. The 
respiratory quotient stabilized at 0.82 within 2 to 4 h after birth, indicative of a 
combination of carbohydrates and fat from colostrum and milk supplying energy to the 
foal.  
Stimulation of hormone secretion differs between the first feeding after birth and 
subsequent feedings. Colostrum does not stimulate high secretion of gastrin (Ousey et al., 
1995). Subsequently, HCl and pepsinogen secretion in response to colostrum is also less 
than at succeeding feedings (Ousey et al., 1995). Limiting pepsinogen and acid secretion 
in the stomach of the newborn foal will leave immunoglobulins intact and available for 
absorption in the small intestine. The changes in gastric acid secretion in the newborn 
stomach is reflected by changes in gastric pH. Gastric pH is highest in newborn foals and 
decreases within the first 3 mo of life (Baker and Gerring, 1993).  Furthermore, Murray 
and Grodinsky (1989) measured gastric pH in foals that were 20 d old to observe regional 
differences. The researchers reported a dorsal to ventral pH gradient, similar to what is 
seen in adult horses. The highest pH measurements (approximately 4.9) were recorded in 
the dorsal, non-glandular region of the stomach and the glandular mucosa had a lower pH 
(2.10) compared to the non-glandular mucosa. The milk and fluid contents had the lowest 
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recordings, pH of 1.85 (Murray and Grodinsky, 1989). These results indicate that the 
stomach is functional by 20 d of age.  
Digestive enzymes capable of utilizing carbohydrates from milk have been 
detected in the gastrointestinal tract of the newborn foal. Roberts et al. (1973) found 
significant changes in lactase (beta-galactosidase) activity from newborn to maturity in 
the small intestine the horse. Lactase is a digestive enzyme capable of hydrolyzing 
lactose, the primary disaccharide in milk, into glucose and galactose that are readily 
absorbed. Two lactase enzymes have been detected in the small intestine of foals; neutral 
beta-galactosidase and acid beta-galactosidase. Neutral beta-galactosidase hydrolyzes 
lactose at an optimum pH of 6.0 and peaks in production at birth then progressively 
declines until it is no longer detected at 3 to 4 yr of age. In contrast, acid beta-
galactosidase has an optimum pH of 3.4 with maximum production occurring at 2 d of 
age, then decreases by 3 mo with little variation through adulthood. Low levels of acid 
beta-galactosidase remain detectible in the small intestine of adult horses (Roberts et al., 
1973). Although lactase is the primary hydrolyzing enzyme in newborn foals, maltase 
and amylase continue increasing from birth until reaching adult capacity at 6 mo of age. 
Milk is the primary nutritional source for foals with lactose as the predominant 
carbohydrate. In order to utilize the lactose in milk, high amounts of lactase in the small 
intestine are necessary. As foals mature, time spent nursing decreases with a concurrent 
increase in time spent eating solids (Crowell-Davis et al., 1985). This change in time 
budget corresponds with a decrease in lactase and an increase in other digestive enzymes 
and the development of a functional gastrointestinal tract.  
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Microbial Colonization  
Role of Nutrition 
Time spent grazing increases with age in foals (Crowell-Davis et al., 1985). 
Increasing time spent grazing, increases the amount forage consumed, therefore 
increasing structural carbohydrate ingestion. As previously described, horses do not 
produce the enzymes capable of digesting structural carbohydrates, instead structural 
carbohydrates are utilized as substrates for the microbial community of the hindgut in 
mature horses.  
It is thought that foals are born with a sterile gastrointestinal tract, thus, lacking 
the microbial community needed to ferment structural and nonstructural carbohydrates. 
However, rapid colonization of the GIT begins soon after birth. It has been suggested that 
early colonization of the GIT is similar among species (Mackie et al., 1999) with initial 
microbial colonizers coming from a variety of sources. These sources of inoculum may 
include the vagina during delivery, the skin when searching for the mammary gland, the 
environment, and colostrum and milk. Research on the microbial colonization in other 
species suggests that the establishment of the microbial community in young animals 
may have an effect on the structure of the microbial community as an adult, therefore 
influencing the digestive efficiency (Thompson et al., 2008; Yanez-Ruiz et al., 2010). 
The SCFA produced by microbes in the gastrointestinal tract may also influence 
maturation of the gastrointestinal tract (Alam et al., 1994; Frankel et al., 1994; Gordon et 
al., 1997). 
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Colonization by normal bacteria is important to digestion and beneficial in the 
prevention of pathogenic colonization. Competition for substrates and attachment sites on 
the epithelial cells has been observed as a method of preventing pathogenic bacteria in 
human intestines (Bernet et al., 1994). Some bacteria, such as lactobacilli, produce 
antimicrobial compounds that also aid in preventing colonization of pathogenic bacteria 
(Brook, 1999; Fooks and Gibson, 2002). Pathogenic diarrhea is a threat to many 
neonates, including horses (Frederick et al., 2009). The rapid colonization of the 
gastrointestinal tract by beneficial bacteria may play an important role in preventing 
diarrhea.  
The Time Course and Succession of Organisms 
There has been considerable investigation into microbial colonization of the 
gastrointestinal tract of human infants. It is unclear if the gastrointestinal tract of newborn 
human infants is devoid of bacteria. A few studies have detected different types of 
bacteria in meconium samples from healthy neonates including bifidobacteria, 
enterobacteria, staphylococci, and streptococci (Kukkonen et al., 2007; Jimenez et al., 
2008). It has been suggested that the presence of bacteria in meconium is due to a 
mother-to-fetus efflux during pregnancy. This efflux results in bacteria detected in the 
placenta (Satokari et al., 2009) and amniotic fluid (Jimenez et al., 2005), as well as the 
meconium in humans (Jimenez et al., 2008). The gastrointestinal tract of infants appears 
to be initially colonized by aerobes and facultative anaerobes, such as E. coli. It is 
thought that these initial colonizers deplete the oxygen, creating an anaerobic 
environment conducive to the development of strict anaerobes, such as bifidobacteria and 
clostridia (Jimenez et al., 2008). Other early colonizers from the phyla Firmicutes 
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(containing lactobacilli and clostridia) and Actinobacteria (containing bifidobacteria), 
which are capable of digesting plant polysaccharides, are present even before the 
introduction of solid foods to the diet (Sela and Mills, 2010; Koenig et al., 2011). By 1 
mo of age bifidobacteria are the predominant microorganism in the gastrointestinal tract 
of infants. The diversity of the microbial community in human infants increases with the 
introduction of more complex foods, evidenced by an increase in enterococci and 
bacteriodes (Koenig et al., 2011). The gastrointestinal microbial community of the 12 mo 
old infant resembles the community of adult humans (Stark and Lee, 1982).  
There are a number of factors influencing the colonization of microbes in the 
gastrointestinal tract of the newborn including delivery mode and feeding method. 
Dominguez-Bello (2010) found the bacterial population of vaginally delivered infants to 
be similar to the bacterial community of the mother’s vagina, whereas the bacterial 
community of infants born via cesarean were more similar to the skin. Furthermore, an E. 
coli serotype found in newborn’s mouth was also found in mother’s feces immediately 
after birth, indicative of bacterial acquisition during vaginal birth (Bettelheim et al., 
1974). It has also been noted that when vaginally acquired microbes (i.e. bifidobacteria, 
Bacteroides spp. and E. coli) are not the first colonizers, bacteria found on the skin (i.e. 
staphylococci) often become the first colonizers in the infant gastrointestinal tract 
(Adlerberth et al., 2006). 
Mode of feeding greatly influences colonization of the gastrointestinal tract of 
newborn infants. Breast-fed infants have more bifidobacteria and lactobacilli and fewer 
clostridia and staphylococci compared to formula-fed infants (Harmsen et al., 2000). It 
has been suggested that breast feeding may protect infants from developing diarrhea and 
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necrotizing colitis (Mackie et al., 1999). Mode of feeding not only influences 
colonization of the microbial community as an infant, it also has lasting effects by 
lowering the risk of inflammatory bowel disease and decreasing the prevalence of obesity 
(Le Huerou-Luron et al., 2010; Guaraldi and Salvatori, 2012).  
Ruminants 
The mature rumen is functionally similar to the hindgut in mature horses. 
Therefore, understanding the colonization process in the ruminant may provide insight to 
microbial colonization in the foal. Rey et al. (2013) demonstrated that colonization occurs 
rapidly after birth in calves and that establishment of the rumen microbial community 
was already underway by 2 d of age. By 3 d to 12 d, many bacteria found in the mature 
rumen were already present in the calf rumen. The sequence of colonization is similar to 
what is seen in human infants; the highest concentrations of aerobic and facultative 
anaerobic bacteria occur immediately after birth then progressively decrease (Bryant et 
al., 1958; Fonty et al., 1987).  
Several studies examining the succession in ruminants found that starch-utilizing 
bacteria and cellulolytic bacteria increase linearly with age, however, cellulolytic bacteria 
exhibit a slower increase (Anderson et al., 1987; Fonty et al., 1987; Agarwal et al., 2002). 
Furthermore, cellulolytic bacteria were not present on the first d of life but rapidly 
increased to adult levels by 3 wk of age (Anderson et al., 1987; Minato et al., 1992; 
Guzman et al., 2015). Although cellulolytic bacteria are not present in the first days after 
birth, streptococci and E. coli have been detected as the predominant bacteria shortly 
after birth (Anderson et al., 1987; Fonty et al., 1987; Minato et al., 1992).  
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Ruminants also acquire initial colonizers during the birthing process and the 
surrounding environment. Furthermore, in young ruminants, small portions of liquids are 
able to bypass the esophageal groove, allowing organisms to enter the rumen from 
colostrum, water, and saliva. Factors affecting early colonization of the rumen, such as 
rearing method, have been shown to persist through weaning (Abecia et al., 2013). 
Dosing newborn goat kids with bromochloromethane (a methanogen inhibitor) altered the 
archaeal community and decreased methane emissions through weaning compared to 
untreated kids. Similar to human infants, rearing method also influences microbial 
colonization in the young ruminant. Abecia et al. (2014) found higher concentration of 
ruminal bacteria in goat kids raised naturally with their dam than in goat kids reared on 
milk replacer. Microbial differences in the rumen of naturally reared kids were reflected 
in higher SCFA concentration and lower ruminal pH. It is evident that microbial 
colonization occurs rapidly in the young ruminant in order to facilitate the efficient 
digestion of nutrients and that various factors can influence the process of colonization. 
Foals 
Forage becomes a major source of nutrients early in the foal’s life, evidenced by 
an increase in time spent grazing with a concomitant decrease in time spent nursing in the 
first 5 months of life (Crowell-Davis et al., 1985). Because of the increasing intake of 
forage, microbial colonization of the hindgut is an important factor in utilization of 
consumed forage. Although the microbial community plays a vital role in the nutrition of 
mature horses, only a few studies have investigated the microbial community of the foal’s 
gastrointestinal tract.   
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There are conflicting data regarding the presence, or absence, of bacteria in the 
meconium of newborn foals. Faubladier et al. (2013; 2014) detected bacteria in 
meconium samples collected approximately 2 h after birth using culture-based and 
molecular-based methods. In contrast, Sakaitani et al. (1999) found meconium to be free 
of bacteria from foals born on 4 different farms in Japan. Other studies using molecular-
based methods, also determined that foals are born without bacteria in the gastrointestinal 
tract (Earing et al., 2012; Strasinger et al., 2013). As previously mentioned, it has been 
suggested that the origin of bacteria detected in meconium of infants is due to a mother-
to-fetus efflux. However, differences between placentation in humans and equine, may 
result in differences in permeability. Therefore, the existence of a mother-to-fetus efflux 
in horses requires further investigation and the origin of the bacteria found to be present 
in meconium of foals is yet to be determined. 
Although foals may be lacking bacteria in the gastrointestinal tract at birth, a 
complex microbial community develops rapidly and has been detected in foal feces 
within the first 24 h of life using molecular-based methods (Costa et al., 2015b). By 42-
60 d of age the microbiota of foal feces resembles the mother’s microbiota (Earing et al., 
2012; Costa et al., 2015b). The pattern of colonization appears to be similar to humans 
and ruminants, with anaerobic and facultative anaerobic bacteria observed first (Julliand 
et al., 1996). Using molecular-based methods, streptococci and E. coli were implicated as 
initial colonizers in 2 d old foals (Bordin et al., 2013). Streptococci and E. coli were also 
thought to be initial colonizers in the gastrointestinal tract of ruminants and humans.   
 The importance of cellulolytic bacteria in the breakdown of complex structural 
carbohydrates in the hindgut of mature horses is well known. However, colonization by 
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cellulolytic bacteria, which are strict anaerobes, appears to be slower than colonization by 
aerobic or facultative anaerobic bacteria in the gastrointestinal tract. Small numbers of 
cellulolytic bacteria have been detected in the feces of foals within the first week of life 
(Julliand et al., 1996; Faubladier et al., 2013). Cellulolytic bacteria increased with age 
and stabilized between 30 and 60 d of age when adult values had been reached. At 1 wk 
of age, there were approximately 150 colony forming units (CFU) of cellulolytic bacteria 
per g of feces, increasing to approximately 105 CFU/g of feces by 8 wk of age (Julliand et 
al., 1996). Upon examination by microscopy, the majority of cellulolytic bacteria in the 
feces of foals formed long coccal chains, similar to that of Ruminococcus flavefaciens, 
one of the major cellulolytic bacteria described in the hindgut of mature horses (Julliand 
et al., 1999).  
 It does not appear that cellulolytic bacteria are pioneer species in the 
gastrointestinal tract of foals because they were not detected until 2 d after birth. 
However, starch-utilizing bacteria have been detected in the feces of foals on the first day 
of life (Julliand et al., 1996; Faubladier et al., 2013; John et al., 2015). On the first day of 
life, fecal starch-utilizing bacteria were already similar to adult values and continued 
increasing by 3 d of age and exceeding adult levels (Faubladier et al., 2013). Starch-
utilizing bacteria remained stable from 3-60 d of age before progressively declining to 
adult values.  
Lactobacilli, a type of starch-utilizing bacteria, have been enumerated from the 
feces of foals on the first day of life. John et al. (2015) found that lactobacilli increased 
with age from birth to 9 d of age then decreased by 58 d of age, reaching levels similar to 
adult mares. The maximum amount of lactobacilli was 5.0 x 107 CFU/g of feces at 9 d of 
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age, decreasing to 3.2 x 105 CFU/g of feces at 58 d of age (John et al., 2015). Similarly, 
Julliand et al. (1996) reported increasing fecal lactobacilli from birth to 12 wk of age in 
foals. By 24 h after birth foals had approximately 6.3 x 104 CFU/g of feces, reaching 
maximum values (mean of 1.3 x 108 CFU/g of feces) at 12 wk of age.  
Some of the characteristics of lactobacilli may implicate them as pioneer species 
in the hindgut of horses; they are hardy bacteria, utilize compounds found in milk (e.g. 
lactose), and inhibit proliferation of pathogenic bacteria by various means (Morishita et 
al., 1981). Lactobacilli prevent pathogenic bacteria by competing for substrates and 
adhesion sites, producing antimicrobial compounds and metabolic by-products that 
modify the microenvioronment which further discourages colonization of pathogens 
(Connell and Slatyer, 1977; McFall-Ngai, 1998; Valeur et al., 2004). Because of these 
reasons, lactobacilli aid in creating a favorable environment for the establishment of a 
complex microbial community in the gastrointestinal tract.  
Influence of Milk Composition on Colonization 
Milk is a complex species-specific substance that provides nutrients to offspring. 
Milk may also aid in development of the neonatal immune system. Many bioactive 
substances are found in milk including immunoglobulins, oligosaccharides, fatty acids, 
and glycoproteins. Traditionally, human milk was thought to be sterile, however, several 
studies using culture-based and molecular-based methods have detected bacteria in 
human milk (Martin et al., 2003; Martin et al., 2007; Collado et al., 2009; Hunt et al., 
2011; Fernandez et al., 2013). Newborn infants consume on average 800 mL of milk per 
day which provides continuous inoculation of bacteria into the gastrointestinal tract. The 
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most frequently detected bacteria in human milk include streptococci, staphylococci, 
lactobacilli, bifidobacteria, corynebacteria, and propionibacteria. These bacteria have 
been isolated from the milk ducts, nipple, and surrounding skin on the breast and could 
serve as a source of inoculation for neonates. In recent years, the microbial community of 
human milk has gained attention, however, little is known of the microbial community of 
mare’s milk. Further research is needed in order to understand the presence and function 
of microorganisms in mare milk.  
The most abundant compounds in human milk include lactose, lipids, protein and 
complex carbohydrates termed “human milk oligosaccharides” (HMOs) (Kunz et al., 
2000). There are up to 200 different complex structures of HMOs that have been 
identified. They are typically made up of a lactose core at the reducing end, with 
galactose, fucose, N-acetylglucosamine, and sialic acids attached by various linkages and 
degree of branching (Kunz et al., 2000). It has been demonstrated that HMOs are 
resistant to enzymatic digestion in newborn infants, allowing these compounds to reach 
the large intestine where they have several functions (Engfer et al., 2000). Kuntz et al. 
(2008) demonstrated that HMOs modulate the proliferation of intestinal cells, which 
suggests these milk components may affect the mucosal barrier of the gut. HMOs also 
protect the newborn against pathogenic infection by inhibiting pathogens from binding to 
cell ligands (Newburg et al., 2005). Furthermore, HMOs promote the proliferation of 
bifidobacteria, the predominant bacteria found in the gastrointestinal tract of newborn 
infants that digest HMOs and produce lactic acid (Sela and Mills, 2010; Pokusaeva et al., 
2011).  
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The structure of oligosaccharides in ruminant milk (bovine and caprine) is simple 
in comparison to HMOs and they are also much lower in concentration (Monti et al., 
2015). In contrast, equine milk (mare and donkey) contains the same compounds as 
human milk but in lesser quantities, in addition to other equine specific structures 
(Difilippo et al., 2015; Monti et al., 2015). As seen in humans, there is individual 
variation in mare milk oligosaccharides, as well as breed differences (Difilippo et al., 
2015). The presence of oligosaccharides in mare milk has been documented, however, it 
is unknown if foals possess the ability to enzymatically digest these compounds or if they 
are utilized by the microbial community.  
Foal Diarrhea  
 Diarrhea is commonly observed in young foals and may be the result of an 
infectious agent or non-infectious causes (Magdesian, 2005). It is common for foals 5 to 
15 d of age to develop mild diarrhea originally termed “foal heat diarrhea”. This form of 
diarrhea does not alter the foal’s appetite, they remain bright and alert, and foals typically 
do not require treatment. It was originally termed “foal heat diarrhea” because it was 
thought to coincide with the first postpartum estrus in the dam. Some suggested causative 
factors include changes in milk composition, establishment of gastrointestinal microbes, 
or maturation of the gastrointestinal tract.  
No relationship has been found between the occurrence of neonatal diarrhea and 
changes in milk composition or with the first estrus after foaling in the mare (Johnston et 
al., 1970; Kuhl et al., 2011). Furthermore, transient diarrhea was observed in foals raised 
on milk replacer (Cymbaluk et al., 1993), indicating that “foal heat diarrhea” is not 
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caused by changes in milk composition associated with the onset of estrus. The 
development of diarrhea around weaning is common in piglets due to many factors such 
as social and environmental stress and transitioning from milk to solids (Pluske et al., 
1997). The drastic change in diet at weaning has been identified as major factor 
influencing the microbial community in the gastrointestinal tract of piglets leading to the 
proliferation of pathogenic bacteria and diarrhea (Rist et al., 2013).  
Changes in the microbial community of the gastrointestinal tract have been 
observed over time in foals, however, there is no proof of a causal relationship between 
changes in bacteria and transient neonatal diarrhea (Kuhl et al., 2011). Maturation of the 
gastrointestinal tract has been a suggested cause of diarrhea in the foal. Masri et al. 
(1986) reported changes in fecal electrolyte concentration, pH, and fecal osmolality, 
suggesting hypersecretion in the small intestine may overwhelm the colon, which is 
unable to compensate by increasing fluid and electrolyte absorption. More research is 
required to understand the cause of non-infectious diarrhea in the foal.  
 Severe illness resulting from diarrheic events are typically caused by pathogens. 
The most common infectious agents affecting foals include Clostridium difficile, C. 
perfringens, Salmonella spp., and rotavirus (Frederick et al., 2009). Although these 
pathogens are often the cause of diarrhea in foals, some strains are detected in the 
gastrointestinal tract of healthy foals (Tillotson et al., 2002). Foals affected by a 
clostridial infection can experience acute colic, diarrhea, dehydration, damaged intestinal 
epithelia and increased epithelial permeability leading to inflammation (Magdesian, 
2005). Foals with salmonellosis are usually febrile, diarrheic, and the infection can be 
local or systemic (Mallicote et al., 2012). The most common viral diarrhea is caused by 
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rotavirus and the majority of affected foals are less than 30 d old (Netherwood et al., 
1996; Frederick et al., 2009). Small intestinal microvilli are damaged with rotavirus 
infection, decreasing absorption and increasing luminal secretion. Establishment of 
beneficial bacteria, such as lactobacilli, in the gastrointestinal tract of the foal may be 
important in bacterial competition, therefore, inhibiting the proliferation of pathogenic 
bacteria that could lead to diarrhea. 
Effect of Diet in Mares and Their Foals 
 The establishment of the microbial community in the gastrointestinal tract of 
young animals has been suggested to impact the composition of bacteria as an adult 
(Thompson et al., 2008; Yanez-Ruiz et al., 2010). It is possible that the same effect 
occurs in horses. Optimizing the establishment of beneficial bacteria in the foal may have 
lasting effects as an adult, therefore improving digestive efficiency. Altering the 
microbial community of the mare may influence microbial colonization in the developing 
foal as suggested in other species (Thum et al., 2012). Maternal diet has been shown to 
influence the microbial communities of the dam and offspring in both mice and pigs. 
Using molecular-based methods, Fujiwara et al. (2010) found differences between the 
fecal microbial community of offspring from mice supplemented with fructo-
oligosaccharides and offspring from mice with no supplementation. In swine, 
supplementing the maternal diet with seaweed extract altered the number of lactobacilli, 
E. coli, and bifidobacteria in the gastrointestinal tract of piglets (Leonard et al., 2011).  
 The similarity of species richness in fecal bacteria between mares and their foals 
is low on the day of birth and increases with age (Earing et al., 2012). Little information 
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is known of the influence of maternal diet on the establishment of bacteria in the foal. 
Maternal supplementation with fermented feed products was shown to influence some 
bacterial functional groups early in the foal’s life (0 to 5 d) but the effects did not persist 
(Faubladier et al., 2013). It is clear that the diet can alter the microbial community of 
mature horses. More research is required to fully understand the influence of maternal 
diet on the establishment of the microbial community in the gastrointestinal tract of foals.  
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Objectives and Hypotheses 
Diet composition has been demonstrated to affect fecal bacteria in adult horses, 
however, the effect of maternal diet on the microbial community in the foal’s 
gastrointestinal tract is unknown. Therefore, the objectives of the current study were to 1) 
determine the effect of starch source in pelleted concentrates in the maternal diet on total 
starch-utilizing bacteria (TSU), cellulolytic bacteria, and lactobacilli in the feces of mares 
and their foals and 2) evaluate changes in select fecal bacterial communities over time in 
mares from 324 d of gestation to 28 d postpartum and foals 1 d to 28 d of age. The 
hypotheses included 1) dietary starch source in pelleted concentrates in the maternal diet 
would affect one or more of the enumerated bacteria in the feces of mares and their foals, 
2) pre-partum enumerated bacteria would differ from postpartum enumerated bacteria, 
and 3) enumerated bacteria would change with age in foals.   
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CHAPTER 3: MATERIALS AND METHODS 
Animal Management 
Animals  
All procedures were approved by the Institutional Animal Care and Use 
Committee at the University of Kentucky. The study began February 12, 2015 and ended 
June 11, 2015 at the University of Kentucky’s Maine Chance Farm, Lexington, KY. 
Twenty Thoroughbred mares with a mean age of 13 yr old (range 6-19 yr, Table 3.1) and 
their foals were used. Mean body weight of mares was 632.3 kg (range 551.0 kg to 721.0 
kg) when mares were assigned to a treatment. Body condition score (BCS) of prefoaling 
mares ranged from 4.0 to 6.0 using a 9 point scale (Henneke et al., 1983). Prior to the 
beginning of the study the pregnant mares were maintained on pastures containing cool-
season grasses with free access to automatic waterers. They were fed approximately 4 kg 
of a commercial pelleted feed in two equal meals daily and given ad libitum access to a 
mixed grass and alfalfa hay.  
Diets and Treatment Assignments 
 Mares were paired by last breeding date and then randomly assigned to one of two 
treatments: an oat-based pelleted concentrate (OB) or a corn and wheat middlings-based 
pelleted concentrate (CWB, Table 3-2). The two pelleted concentrates were custom 
formulated (McCauley Bros. Inc., Versailles, KY) so that the OB concentrate contained 
no corn or wheat middlings and the CWB concentrate contained no oats. The 
concentrates were mixed and delivered in two batches. The two concentrates were similar 
in all nutrients (Table 3-2). A mixed grass and alfalfa hay was available ad libitum to the 
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mares throughout the study along with pasture. The adaptation for each mare began when 
the mare reached 310 d of gestation, except for two mares. The two mares with the 
earliest due dates began adaptation at 333 d of gestation. Prior to parturition, each mare 
received 3.2 kg (DM) daily of the assigned concentrate which was divided into two 
meals, a morning meal fed at 0645 h and an afternoon meal fed at 1530 h. After 
parturition the daily intake of concentrate was gradually increased to 4.8 kg (DM) per 
horse fed in three meals. A gradual increase was accomplished by adding an evening 
meal (0.8 kg DM) fed at 2000 h, after 3 d, the morning meal was increased to 2.0 kg 
(DM), after an additional 3 d, the afternoon meal was increased to 2.0 kg (DM) (Figure 3-
1). Using concentrate intake per meal (kg) and postpartum BW (kg), starch intake was 
between 0.87 and 1.61 g/kg BW·meal and non-structural carbohydrate (NSC, starch + 
water soluble carbohydrates) intake was between 1.08 and 1.89 g/kg BW·meal (Table 3-
3). 
Housing and Feeding Management  
Prior to parturition, the mares were kept in groups of 2 to 4 and housed in outdoor 
paddocks. Beginning at the first day of treatment, the mares were brought into individual 
box stalls for approximately 30 min in the morning and afternoon and fed their assigned 
concentrate (OB or CWB) in a nosebag. Once the mares were accustomed to the 
nosebags they remained outdoors during feeding times except as described below.  
Udder development was observed and foaling monitors were used to determine 
imminence of parturition. When parturition was imminent, the mares were housed in 
individual box stalls (4.5 m x 4.5 m) at night and turned out in outdoor paddocks in small 
groups during the day. The stalls were bedded with straw or wood shavings and the mares 
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were given ad libitum access to water and a mixed grass and alfalfa hay. The mares were 
not housed in the same stall every night prior to parturition, therefore, each feed tub was 
assigned to a single mare and tubs were placed in the stalls each day accordingly to 
provide the assigned concentrate.  
One mare foaled unobserved in an outdoor paddock after being turned out in the 
morning. All other mares were observed during foaling and assistance was provided as 
needed. After parturition, the mare and foal pairs remained in box stalls for 1 to 3 d until 
the foal was physically ready to move into an individual small round pen. The mare and 
foal pairs rotated through progressively larger paddocks in the succeeding 4 wk. Each 
pair was comingled with other mare and foal pairs in outdoor paddocks approximately 1 
wk postpartum. Groupings changed as foals matured and group size could be increased 
(usually 2 to 4 pairs per paddock). Concentrates were fed in stalls before the foals were 
ready to move into individual small round pens. Once moved into the individual pens, the 
concentrate meals were fed in hanging fence feed tubs. When mare and foal pairs were 
comingled in outdoor paddocks, the mares were closely monitored to ensure each mare 
consumed their entire morning and afternoon meals from hanging fence feed tubs, and 
individual nosebags were used for the evening meals. The foals had access to their dam’s 
feed during the morning and afternoon meals and were monitored to prevent foals from 
consuming any non-assigned concentrate. 
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Measurements and Sampling Procedures  
Weights and Body Condition Scores 
Mares were weighed weekly once assigned to treatment. Foals were weighed 
within a few hours of birth and then weekly. All mares and foals were weighed on the 
same day of the week. The body condition score of each mare was recorded 
approximately every 2 weeks.  
Udder Development and Milk Samples 
Udder development was evaluated in the morning and afternoon using a 0 to 3 
scoring system beginning at 324 d of gestation. An udder score of 0 indicated no udder 
development and an udder score of 3 indicated a full udder with filled teats. A birth 
monitor (Foalert, Acworth, GA) was inserted in the vulva when the udder score was a 3 
or at 340 d of gestation.  
Colostrum samples were collected from each mare at parturition before the foal 
nursed. Additional milk samples were obtained at the following time points: 1 d 
postpartum, 4 d postpartum, and 28 d postpartum (Figure 3-1). Colostrum and milk were 
expressed by hand using nitrile gloves into 100 ml sterile specimen cups then aliquoted 
into two sterile 15 ml conical tubes and frozen until analyzed. An equine colostrum 
refractometer (Animal Reproduction Systems, Inc., Chino, CA) was used immediately 
after collection of colostrum to measure the concentration of dissolved solids as an 
indicator of colostrum quality. The resulting Brix % was used to determine if additional 
colostrum supplementation was needed to ensure sufficient passive transfer of immunity. 
Colostrum was supplemented to the foal when the Brix % measured was ≤ 21 or the foal 
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failed to nurse within 2 h of birth. The supplemental colostrum was frozen-thawed 
colostrum collected the previous year from resident mares and was administered orally by 
bottle. When supplemental colostrum was required, the time, amount, and source were 
recorded.  
Blood Samples 
 Blood samples were collected from mares at the following time points: 324 d of 
gestation, pre-foaling (4 to18 d before parturition), 9 to 21 h postpartum, 4 d postpartum, 
14 d postpartum, and 28 d postpartum. Blood samples were collected from foals on 1 d 
and 28 d of age (Figure 3-1). Blood samples were collected prior to the morning or 
afternoon concentrate meal. Whole blood was collected from each mare and foal by 
jugular venipuncture into a 6.0 ml (2.0 ml for foals) tube containing sodium fluoride and 
potassium oxalate to obtain plasma for analysis of glucose concentration. Plasma samples 
were placed on ice immediately after collection and centrifuged within 1 hour of 
collection at 1500 x g for 10 min at 4°C. After centrifugation, supernatants were 
transferred into 1.5 ml microcentrifuge tubes and frozen at -20°C until analysis. 
Additional blood samples were collected from foals at approximately 1 d of age and 
transported to Hagyard Equine Medical Institute or Rood and Riddle Equine Hospital 
(Lexington, KY) for analysis of IgG concentration and blood chemistry.  
Fecal Collections 
 Fecal samples were collected from mares and foals for enumeration of cellulolytic 
bacteria, total starch utilizing bacteria (TSU), and Lactobacillus spp.. Each mare (except 
first 2 mares) was sampled at 324 d of gestation (after 2 wk on assigned concentrate), 
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pre-foaling (4 to18 d before foaling), 1 d postpartum, 14 d postpartum, and 28 d 
postpartum (Figure 3-1). Fecal samples as 324 d of gestation were not collected from the 
2 mares with the earliest due dates since they did not begin assigned concentrates until 
333 d of gestation. The pre-foaling fecal samples were collected when the foaling 
monitor was inserted, or at 340 d of gestation. However, in some mares with long 
gestation lengths, the pre-foaling may have been collected at other times.   
Mares were brought into individual box stalls to collect fecal samples at 324 d of 
gestation and the pre-foaling sample. After parturition, the mare and foal pairs were 
brought into box stalls before the morning meal to collect fecal samples. Samples were 
collected from mares by catch or from the stall floor immediately after defecation and 
placed into plastic bags using nitrile gloves. When fecal samples were collected from the 
stall floor fecal material was collected from the center of the pile to avoid contamination 
from the environment. Immediately after collection, samples were placed in a pre-
warmed (37°C) insulated cooler, homogenized by hand; then an approximately 1 g 
subsample was placed in a pre-weighed and pre-warmed (37°C) Hungate tube. The tube 
was purged of air with CO2, then placed in a block heater keeping the sample at a 
constant 37°C. The samples were transported to the lab in a pre-warmed (37°C) insulated 
cooler within 2 h of collection for analysis.  
Fecal samples were collected from foals at the following intervals after birth: 1 d 
(14 to 36 h after birth), 4 d, 14 d, and 28 d (Figure 3-1). Foals were continuously 
monitored in box stalls or in outdoor paddocks with their dam to collect fecal samples by 
catch immediately upon defecation and the time of collection was recorded. To avoid 
contamination, sterile gloves and 100 mL sterile specimen cups were used to collect fecal 
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samples from foals. Samples were placed in a pre-warmed (37°C) insulated cooler, 
homogenized in the sterile specimen cup, and a subsample of approximately 1 g was 
placed in a sterile, pre-warmed (37°C), and pre-weighed Hungate tube, purged of air with 
CO2, then transported to the lab under CO2 in a pre-warmed (37°C) insulated cooler for 
analysis.     
Sample Analyses 
Glucose Concentrations 
Mare and foal plasma samples were analyzed in duplicate for glucose 
concentrations by an automated enzymatic assay using a YSI 2700 platform (YSI 
Incorporated, Yellow Springs, OH).  
Bacterial Enumerations 
Upon arrival at the laboratory, the fecal samples were removed from the insulated 
cooler, reweighed and then diluted with anaerobic phosphate buffered saline 1:10 (PBS, 
w/w, Appendix N) using anaerobic technique. The samples were homogenized by vortex 
and serially diluted (10-1-10-10) with PBS before inoculation of selective media. Selective 
media were used to enumerate cellulolytic bacteria, and TSU, and Lactobacillus spp..  
Cellulolytic bacteria were enumerated as described by Harlow et al. (2015b) by 
inoculating 1 mL from serial dilutions 10-1 – 10-10 in 9 mL of anaerobic defined liquid 
medium containing a strip of filter paper (4 g filter paper/L of media, Appendix P). After 
10 d of incubation (37°C) the dissolution of cellulose was visually evaluated and the 
highest dilution with dissolution of cellulose was recorded. 
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TSU were enumerated by inoculating 1 mL from dilutions 10-1 – 10-10 in 9 mL of 
an anaerobic liquid medium containing soluble starch (4 g soluble starch/L of media, 
Appendix Q). The inoculated media were incubated for 3 d at 37°C then visually 
evaluated for bacterial growth. The highest dilution exhibiting bacterial growth was 
recorded.  
Enumeration of Lactobacillus spp. were accomplished by inoculating Rogosa SL 
Agar (Rogosa et al., 1951) medium (BD, Appendix R) with 0.20 ml from serial dilutions 
10-1 – 10-7 with a sterile spreader. The inoculated media was incubated aerobically at 
37°C for 3 d then colonies were counted. Plates containing 20 to 200 colonies were 
counted and the highest dilution counted was recorded. 
Statistical Analyses  
 Enumeration data were log transformed before statistical analysis. Mixed models 
(SAS 9.3) with repeated measures design were used to test the main effects of maternal 
diet (OB or CB), the time of sample, and the interaction between treatment and time, and 
to compare mare and foal enumerations over time. When there was an interaction (P < 
0.05), least squares means were separated using pairwise t test by PDIFF option in the 
LSMeans statement. PROC GLM (SAS 9.3) was used to test the main effect of starch 
source on pre-partum body weight of mares, foal birth weight, and foal birth weight as a 
percentage of mare body weight. The effect of starch source on postpartum mare weight 
and foal ADG was analyzed using regression to fit a linear curve. The Pearson chi-square 
statistic was used via PROC FREQ (SAS 9.3) to determine presence of an association 
between treatment and plasma IgG concentration (>800 mg/dl or <800 mg/dl) in foals. 
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Results were considered significant when P < 0.05 and a trend was considered when P < 
0.10.   
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Table 3-1: Mare information: treatment assignment, age, postpartum body weight, 
last breeding date and date and time of foaling 
Name Treatment2 
Age 
(yrs) 
Postpartum 
BW (kg) 
Last 
Breeding 
Date 
Date and Time 
of Foaling 
Culpepper Island  CWB 15 583.0 3/14/2014 3/4/2015 19:03 
Tabadabado  CWB 18 582.0 4/3/2014 4/9/2015 22:25 
So Beautiful  CWB 9 671.0 4/25/2014 4/14/2015 0:25 
Kentucky Cat  CWB 16 495.0 4/26/2014 4/15/2015 19:50 
Blue Stream  CWB 15 565.5 5/4/2014 4/19/2015 0:50 
Contrition  CWB 13 617.0 5/4/2014 4/13/2015 23:12 
Miss Hissy Fit  CWB 10 596.0 5/8/2014 4/13/2015 3:30 
Whom Shall I Fear  CWB 9 596.0 5/8/2014 4/30/2015 18:05 
Run Nola Run  CWB 8 559.0 6/1/2014 5/14/2015 1:42 
Brave Boco  CWB 14 528.5 6/3/2014 5/5/2015 4:35 
Damask Steel  OB 18 500.0 3/15/2014 3/9/2015 4:36 
Sentimental Style  OB 10 473.0 4/3/2014 3/30/2015 5:39 
Possesting  OB 8 611.5 4/10/2014 3/31/2015 21:33 
True Tear Drops  OB 16 521.0 4/14/2014 4/6/2015 2:09 
Rebina Lake  OB 19 566.0 5/5/2014 4/25/2015 20:25 
Chatelian  OB 14 613.5 5/8/2014 4/29/2015 2:29 
Italian Opera1  OB 8 N/A 5/9/2014 4/17/2015 3:27 
Vickie's Girl  OB 7 585.5 5/11/2014 4/23/2015 23:28 
Distant Vision  OB 13 549.5 5/29/2014 5/5/2015 19:02 
Reba's Cat  OB 6 562.0 6/9/2014 5/21/2015 10:45 
1No postpartum BW because mare was removed from the study after euthanizing foal 
2CWB = corn and wheat middling-based concentrate; OB = oat-based concentrate 
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Table 3-2: Ingredients and chemical composition of the oat-based (OB) and corn and 
wheat middlings-based (CWB) pelleted concentrates on a DM basis 
Item OB CWB 
Ingredient, %   
     Ground Oats 74.00 - 
     Ground Corn - 35.00 
     Wheat Midds - 34.75 
     Soybean Meal (48%) 12.50 9.70 
     Soybean Hulls - 8.00 
     Molasses with Fat Blend 6.90 6.93 
     Alfalfa Meal 2.50 2.50 
     Dicalcium Phosphate 1.60 0.55 
     Calcium Carbonate 0.95 1.75 
     Soybean Oil 0.75 - 
     White Salt 0.50 0.50 
     Pres Toxi-Chek1 0.10 0.10 
     McCauley Trace Mineral Premix2 0.10 0.10 
     McCauley Vitamin Premix3 0.10 0.10 
     L-Lysine  - 0.02 
Chemical composition    
     DM, %4 88.50 88.70 
     DE, Mcal/kg5 3.43 3.41 
     CP, %4 15.80 15.40 
     ADF, %4 11.55 12.05 
     NDF, %4 21.10 23.45 
     Starch, %4 38.00 36.15 
     NSC, %6 44.55 45.00 
     Crude Fat, %4 5.90 4.10 
     Calcium, %4 1.37 1.27 
     Phosphorus, %4 0.85 0.74 
     Ca:P Ratio 1.62:1 1.72:1 
     Magnesium, %4 0.24 0.30 
1Mold inhibitor additive. Lucta USA Inc., Northbrook, IL.  
2Provides 26.25 ppm of Cu, 60 ppm of Mn, 0.4 ppm of Se, 75 ppm of Zn. 
3Provides 9.7504 IU/KG of vitamin A, 1.76 IU/kg of vitamin D3, 233.915 IU/Kg of 
vitamin E, 0.099 mg/kg of biotin, 40.773 mg/kg pantothenic acid, 1.901 mg/kg of vitamin 
K, 9.713 mg/kg of thiamine, 61.059 mg/kg of niacin, 6.536 mg/kg of riboflavin, 2.889 
mg/kg of folic acid, 6.767 mg/kg of pyridoxine, 0.033 mg/kg of vitamin B12. 
4Analyses performed by Dairy One, Ithaca, NY, presented as means (n=2) on a DM basis 
5Estimated with the following equation as proposed by the NRC (2007): DE (Mcal/kg) = 
4.07 - 0.055 x (% ADF) 
6 % NSC calculated by adding % starch and % water soluble carbohydrates 
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Table 3-3: Mean intake of starch and non-structural carbohydrates (NSC) from oat-
based (OB) and corn and wheat midds-based (CWB) pelleted concentrates 
 Starch Intake (g/kg BW·meal)1 
 Pre-partum Post-partum 
Treatment 
AM 
Meal 
PM 
Meal 
AM 
Meal 
PM 
Meal Evening Meal 
OB 1.01 1.01 1.26 1.26 0.50 
CWB 1.11 1.11 1.39 1.39 0.55 
      
 NSC Intake (g/kg BW·meal)2 
 Pre-partum Post-partum 
Treatment 
AM 
Meal 
PM 
Meal 
AM 
Meal 
PM 
Meal Evening Meal 
OB 1.30 1.30 1.63 1.63 0.65 
CWB 1.26 1.26 1.57 1.57 0.62 
1g starch/kg BW·meal = ((% starch * kg concentrate) / postpartum BW 
(kg))*1000 
2g NSC/kg BW·meal = ((% NSC * kg concentrate) / postpartum BW 
(kg))*1000 
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Figure 3-1: Timeline of sample collection and changes in concentrate intake: blood, 
fecal, and milk samples from mares and foals 
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CHAPTER 4: RESULTS 
Initially, 10 mares were assigned to each diet (OB and CWB) with the intention of 
obtaining fecal samples at 324 d of gestation, pre-foaling, 1 d postpartum, 14 d 
postpartum, and 28 d postpartum. However, some mares had longer or shorter gestation 
lengths than expected resulting in variability in the timing of the pre-foaling sample 
collection (Appendix A). When the gestation length was longer than expected a second 
pre-foaling sample was collected. When a second sample was collected the first sample 
was dropped from the statistical analysis and replaced by the second sample. Three mares 
foaled before their pre-foaling samples were collected (Appendix A). As a result, pre-
foaling samples were collected between 4 and 18 d before foaling.  
Due to the irregularity of defecation in newborn foals, fecal samples were not 
collected from some foals at 1 d and 4 d (Table 4-1). The intention was to collect fecal 
samples from foals at 24 h after birth. The mean time for the 1 d sample was 27 h after 
birth with a range of 14 to 37 h after birth. One foal on the OB treatment had a severe 
injury 12 h after birth and was euthanized, therefore no fecal samples were collected and 
the dam of the injured foal was removed from the study and was not included in the 
statistical analysis (Appendix A). Several foals were born within a few days of each other 
and incubator space was limited for enumerations, therefore fecal samples were not 
collected after parturition from one mare and foal pair on the CWB diet (Appendix A, 
Table 4-1). Although fecal samples were not collected from the aforementioned CWB 
pair, weekly weights were recorded and blood and milk samples were collected.  
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Fecal Bacterial Enumerations in Foals 
Effect of Foal Age on Fecal Bacteria  
Total starch-utilizing (TSU) bacteria were detected in all fecal samples from foals 
at 1 d of age and ranged between 102 and 109 CFU/g of feces in individual foals 
(Appendix B). Fecal TSU in foals increased from 1 d to 4 d of age (P < 0.05) then 
remained stable from 4 d to 28 d of age (P > 0.05, Figure 4-1). Lactobacilli in fecal 
samples from individual foals at 1 d ranged from 0 to 8.3 x 105 CFU/g of feces 
(Appendix C). Fecal lactobacilli in foals increased from 1 d to 14 d of age (P < 0.05) then 
remained stable to 28 d of age (P > 0.05, Figure 4-1).  
There were no detectible cellulolytic bacteria in fecal samples of foals at 1 d of 
age. Cellulolytic bacteria first appeared in fecal samples of foals at 4 d or 14 d of age. 
Although only one fecal sample at 4 d of age contained detectible cellulolytic bacteria, all 
but one fecal samples from 14 d old foals had detectible cellulolytic bacteria (Appendix 
D). Cellulolytic bacteria progressively increased with age in foals (P < 0.05, Figure 4-1). 
Cellulolytic bacteria from fecal samples of individual foals at 28 d of age ranged between 
104 to 106 CFU/g of feces (Appendix D) with a least squares mean of 3.2 x 104 CFU/g of 
feces across all treatments (Figure 4-1).  
Effect of Maternal Diet on Foal Fecal Bacteria  
There was no main effect of starch source in maternal diet on fecal TSU in foals 
(P > 0.05), however, there was a trend for a treatment by time interaction (P = 0.0611, 
Table 4-2). At 1 d of age, foals from mares fed the OB concentrate had more fecal TSU 
than foals from mares fed CWB concentrate (P < 0.05) and there was a trend for OB foals 
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to have more TSU than CWB foals at 4 d (P < 0.10, Figure 4-3). Differences between 
treatments for foal fecal TSU were no longer present at 14 d and 28 d (P > 0.05).  
Similar to fecal TSU, starch source in maternal diet had no main effect on fecal 
lactobacilli in foals (P = 0.1133) but there was a treatment by time interaction (P = 
0.0368, Table 4-2). OB foals had more fecal lactobacilli than CWB foals at 1 d and 4 d (P 
< 0.05). But the differences were no longer present at 14 d and 28 d of age (P > 0.05). 
There was also no main effect of starch source in maternal diet on fecal cellulolytic 
bacteria in foals (P = 0.3768, Table 4-2). In contrast to fecal TSU and lactobacilli, there 
was no treatment by time interaction for foal cellulolytic bacteria (P = 0.2482, Table 4-2).  
Effect of Diet and Time on Fecal Bacteria of Mares 
Enumerated fecal TSU from mares at 324 d of gestation ranged from 105 to 108 
CFU/g of feces from individual horses (Appendix E) with a least squares mean of 4.2 x 
106 CFU/g of feces across all treatments. Fecal TSU was not influenced by time (P > 
0.10) and remained consistent throughout the sampling period (Figure 4-2).  
Fecal lactobacilli ranged from 3.2 x 104 to 1.6 x 106 CFU/g of feces from 
individual mares at 324 d of gestation (Appendix F). There was an effect of time (P < 
0.0005) on fecal lactobacilli in mares. Lactobacilli decreased 1 d after parturition to a 
mean of 9.1 x 104 CFU/g of feces across treatments (P < 0.05) then increased to pre-
partum levels by 14 d postpartum (P < 0.05) and remained similar at 28 d postpartum (P 
> 0.05, Figure 4-2).  
Cellulolytic bacteria enumerated from individual mares ranged from 105 to 108 
CFU/g of feces at 324 d of gestation (Appendix G). Similar to fecal lactobacilli, 
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cellulolytic bacteria changed over time (P < 0.00013) in mares from 324 d of gestation to 
28 d postpartum. Mean cellulolytic bacteria across all treatments decreased 1 d after 
parturition to 2.5 x 105 CFU/g of feces (P < 0.05) and remained lower than pre-partum 
enumerations at 14 d postpartum (P < 0.05, Figure 4-2). Cellulolytic bacteria increased 
from 14 d to 28 d postpartum reaching pre-partum levels 28 d after foaling (P < 0.05).  
There were no main effects of starch source in pelleted concentrates on fecal 
TSU, lactobacilli, or cellulolytic bacteria of mares (P > 0.05, Table 4-3). In addition, 
there were no treatment by time interactions for TSU, lactobacilli, or cellulolytic bacteria 
of mares (P > 0.05, Table 4-3).  
Comparison of Mare and Foal Fecal Bacteria 
Mares and foals had similar amounts of fecal TSU 1 d after birth (P = 0.2200). 
TSU of mares remained stable (P > 0.05) whereas foal TSU increased and exceeded mare 
values by 14 and 28 d after birth (P < 0.0001, Figure 4-3). The number of fecal 
lactobacilli was also similar between mares and foals 1 d after birth (P = 0.9437). By 14 d 
after birth, lactobacilli increased in both mares and foals, however, foal lactobacilli 
exceeded mare lactobacilli and remained higher 28 d after birth (P < 0.0001). Fecal 
cellulolytic bacteria increased in both mares and foals after birth (P < 0.05). In contrast to 
TSU and lactobacilli, fecal cellulolytic bacteria of foals remained lower than mares 
throughout the sampling period (P < 0.0001, Figure 4-3). At 28 d, mare fecal samples 
contained 1.1 x 106 CFU/g of feces of cellulolytic bacteria, compared to 3.2 x 104 CFU/g 
of feces in foal samples.  
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Body Weight and ADG 
There was no effect of starch source on pre-partum body weight of mares (P = 
0.1598, Table 4-4). Individual body weight of mares 1 wk before parturition ranged from 
551.0 to 758.0 kg (Appendix H). Change in mare body weight at foaling was not affected 
by starch source (P = 0.1340, Table 4-4). Between 1 wk before foaling and 1 wk after 
foaling, OB mares lost 80.1±4.7 kg and CWB mares lost 90.8±4.9 kg. Change in body 
weight at foaling as a percentage of postpartum body weight was not influenced by diet 
(P = 0.2772, Table 4-4). OB mares lost a mean of 14.5±0.8% of postpartum body weight 
and CWB mares lost a mean of 15.8±0.8% of postpartum body weight.  
There was no effect of starch source in the maternal diet on birth weight of foals 
(P = 0.2164, Table 4-4). Birth weight of individual foals ranged from 47 to 72 kg across 
all treatments (Appendix J) with a mean of 56.2±1.8 kg for OB foals and 59.3±1.9 kg for 
CWB foals. Foal birth weight as a percentage of mare post-foaling weight was not 
influenced by maternal diet (P = 0.9327, Table 4-4). The mean birth weight as a 
percentage of mare post-foaling weight was 10.3±0.3% for OB foals and 10.2±0.3% for 
CWB foals (Table 4-4). ADG of foals was similar for OB and CWB (P = 0.8634, 1.77 
kg/d and 1.66 kg/d, respectively). In the postpartum period, body weights of mares 
increased linearly (P < 0.05, Figure 4-4), and was not influenced by diet (P = 0.1896). 
BCS of the individual mares ranged from 4.0 to 6.0 throughout the sampling period 
(Appendix I). 
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Mare and Foal Plasma Glucose  
Starch source had no effect on plasma glucose of mares from 324 d of gestation to 
28 d postpartum (P = 0.6756) and there was no treatment by time interaction (P = 
0.4607). Plasma glucose changed over time in mares (P < 0.0001, Figure 4-5) and was 
highest at 12 h postpartum compared to all other time points. Mean plasma glucose was 
4.02 ± 0.14 mmol/L across all treatments at 324 d of gestation then increased 12 h 
postpartum to 4.84 ± 0.13 mmol/L (P < 0.05).  
Foal plasma glucose did not change from 12 h to 28 d of age (P = 0.5320). There 
was no main effect of maternal diet (P = 0.8396) or a treatment by time interaction for 
plasma glucose of foals (P = 0.8004, Table 4-5). Mean plasma glucose across all 
treatments was 6.99±0.24 mmol/L at 12 h and 6.80±0.24 mmol/L at 28 d of age.  
Colostrum Score and Circulating IgG Concentration 
The Brix % of mare colostrum at parturition ranged from 13 to 33% across all 
treatments (Appendix K). There was a trend for colostrum from OB mares to have a 
higher Brix % than colostrum from CWB mares (P = 0.0614) with mean colostrum score 
of 26.2±1.8% for OB mares and 21.1±1.8% for CWB mares. Eight foals required 
supplemental colostrum, 3 OB foals and 5 CWB foals (Appendix K). Circulating IgG 
concentration of foals 12 h after birth ranged from 371 to >1600 mg/dl (Appendix K). 
When failure of passive transfer (FPT) occurred (plasma IgG concentration was < 400 
mg/dl), 1 L of hyper-immune plasma was administered intravenously to the foal. Two 
foals (1 from each treatment) had complete FPT with IgG concentrations < 400 mg/dl and 
received hyper-immune plasma (Appendix K). Partial FPT was considered when 
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circulating IgG concentration was between 400 mg/dl and 800 mg/dl. Three CWB foals 
and 1 OB foal had partial FPT, however there was no association between maternal diet 
and frequency of complete or partial FPT (P > 0.05).  
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Table 4-1: Foal fecal samples: date and time of sample collection  
  1 d 4 d 14 d 28 d 
Horse Treatment 
Date and 
time of 
Sample 
Date and 
time of 
Sample 
Date and 
time of 
Sample 
Date and 
time of 
Sample 
Culpepper 
Island '15 CWB 
3/5/2015 
14:17 
3/8/2015 
18:14 
3/18/2015 
14:30 
4/2/2015 
7:16 
Tabadabado 
'15 CWB 
4/10/2015 
16:52 
4/13/2015 
7:25 
4/23/2015 
7:53 
5/7/2015 
7:20 
So Beautiful 
'15 CWB 
4/14/2015 
16:03 
4/18/2015 
9:05 
4/28/2015 
7:20 
5/12/2015 
7:20 
Kentucky 
Cat '15 CWB 
4/17/2015 
7:02 
4/19/2015 
8:00 
4/30/2015 
7:35 
5/13/2015 
7:08 
Blue Stream 
'15 CWB 
4/20/2015 
8:15 
4/23/2015 
8:50 
5/3/2015 
8:57 
5/17/2015 
9:45 
Contrition 
'15 CWB 
4/15/2015 
7:20 
4/18/2015 
9:00 
4/28/2015 
9:30 
5/12/2015 
7:27 
Miss Hissy 
Fit '15 CWB 
4/14/2015 
12:22 
4/17/2015 
15:35 
4/27/2015 
7:02 
5/10/2015 
8:23 
Whom Shall 
I Fear ‘15 CWB 
No 
Sample 
No 
Sample 
No 
Sample 
No 
Sample 
Run Nola 
Run '15 CWB 
5/15/2015 
14:30 
5/18/2015 
7:40 
5/31/2015 
7:25 
6/11/2015 
8:40 
Brave Boco 
'15 CWB 
5/6/2015 
7:30 
5/9/2015 
7:33 
5/19/2015 
7:52 
6/2/2015 
7:58 
Damask 
Steel '15 OB 
3/10/2015 
11:50 
No 
Sample 
3/23/2015 
7:16 
4/6/2015 
7:04 
Sentimental 
Style '15 OB 
3/31/2015 
9:05 
4/3/2015 
7:47 
4/13/2015 
10:36 
4/26/2015 
10:42 
Possesting 
'15 OB 
No 
Sample 
4/4/2015 
8:08 
No 
Sample 
4/27/2015 
10:15 
True Tear 
Drops '15 OB 
No 
Sample 
No 
Sample 
4/20/2015 
7:13 
5/5/2015 
7:14 
Rebina Lake 
'15 OB 
4/26/2015 
11:00 
4/30/2015 
15:50 
5/9/2015 
7:40 
5/23/2015 
7:13 
Chatelian 
'15 OB 
4/30/2015 
8:25 
5/3/2015 
9:07 
5/13/2015 
7:27 
5/14/2015 
7:45 
Vickie's Girl 
'15 OB 
4/25/2015 
7:40 
4/28/2015 
10:40 
5/8/2015 
2:30 
5/22/2015 
7:51 
Distant 
Vision '15 OB 
5/6/2015 
15:06 
5/9/2015 
7:26 
5/19/2015 
8:10 
6/2/2015 
8:52 
Reba's Cat 
'15 OB 
5/22/2015 
12:12 
5/24/2015 
7:48 
6/4/2015 
7:31 
6/18/2015 
9:13 
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Figure 4-1: Effect of time on fecal bacterial groups of foals. Data presented as back 
transformed least squares means. Letters A, B, and C represent differences between time 
points within bacterial group (P < 0.05). There was an effect of time on TSU (P=0.0028), 
lactobacilli (P<0.0001), and cellulolytic bacteria (P<0.0001) Pooled SEM are log10 
transformed: TSU 0.252, cellulolytics 0.187, lactobacilli 0.205. 
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Table 4-2: Main effects of treatment, time, and treatment by time interaction on fecal 
bacterial groups of foals from mares fed an oat-based (OB) or corn and wheat midds-based 
(CWB) pelleted concentrate1 
  Sample P-value 
  1 d 4 d 14 d 28 d 
Treatment Time T X T OB n 7 7 8 9 
CWB n 9 9 9 9 
TSU 
(CFU/g of 
feces) 
OB 1.4x10
8, a 
(0.3881) 
9.7x108, c 
(0.3880) 
7.6x108 
(0.3630) 
1.7x108 
(0.3423) 
0.1272 0.0028 0.0611 
CWB 7.7x10
6, b 
(0.3423) 
1.0x108, d 
(0.3423) 
1.0x109 
(0.3423) 
4.6x108 
(0.3423) 
Lactobacilli 
(CFU/g of 
feces) 
OB 3.2x10
5, a 
(0.3141) 
2.2x106, a 
(0.3132) 
1.4x107 
(0.2934) 
8.4x106 
(0.2775) 
0.1093 <.0001 0.0368 
CWB 2.2x10
4, b 
(0.2775) 
2.9x105, b 
(0.2775) 
2.4x107 
(0.2775) 
1.5x107 
(0.2775) 
Cellulolytics 
(CFU/g of 
feces) 
OB 0 0 977 (0.2688) 
77,428 
(0.2536) 
0.3768 <.0001 0.2482 
CWB 0 2 (0.2536) 
774 
(0.2536) 
12,915 
(0.2536) 
1Data represented as back transformed least squares means (SEM). SEM are log10 
transformed. 
2 a, b Means within a bacterial group and sample time are different (P < 0.05) 
3 c, d Means within a bacterial group and sample time are different (P < 0.10) 
 
 
 
 
 
 
 
 
57 
 
 
Figure 4-2: Effect of time on fecal bacterial groups of mares. Data presented as back 
transformed least squares means. Letters A and B represent significant differences between 
time points within bacterial group (P<0.05). There was no effect of time on TSU 
(P=0.2581). There was an effect of time on lactobacilli (P=0.0005) and cellulolytic bacteria 
(P=0.0013). Pooled SEM are log10 transformed; TSU: 0.190, cellulolytics: 0.228, 
lactobacilli: 0.105. 
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Figure 4-3: Comparison of fecal bacterial groups between mares and foals. Data 
presented as back transformed least squares means. Letters A, B, C, D, and E represent 
significant differences between mares and foals within bacterial group (P<0.05). There 
was an interaction between treatment (mare or foal) and time for TSU (P=0.0008), 
lactobacilli (P=0.0001), and cellulolytic bacteria (P<0.0001). Pooled SEM are log10 
transformed; TSU: mares 0.1292, foals 0.1331, lactobacilli: mares 0.1055, foals 
0.1084, cellulolytics: mares 0.1518, foals 0.1545. 
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Table 4-4: Effect of starch source in maternal diet on BW of 
mares and their foals 
 OB CWB P-value 
Pre-partum Mare wt (kg) 633.6 (17.1) 
670.1 
(18.0) 0.1598 
Postpartum Mare wt (kg) 553.6 (16.7) 
579.3 
(15.8) 0.1896 
Change in Mare BW at 
Foaling (kg) 
80.1 
(4.7) 
90.8 
(4.9) 0.1340 
Change in mare BW as a 
% of Postpartum BW 
14.5 
(0.8) 
15.8 
(0.8) 0.2772 
Foal Birth wt (kg) 56.2 (1.8) 
59.3 
(1.9) 0.2164 
Foal Birth wt as % of 
Postpartum Mare wt 
10.3 
(0.3) 
10.2 
(0.3) 0.9327 
Foal ADG2 (kg/d) 1.77  (0.1) 
1.66 
(0.1) 0.8634 
  1Data presented as least squares means (SEM) 
  2 Calculated using regression 
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Figure 4-4: Change in postpartum body weight (kg) of mares. Data presented 
as least squares means ± SEM. There was no effect of treatment on change in 
mare BW postpartum (P=0.1896). 
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Figure 4-5: Effect of time on mare plasma glucose (P<0.0001). Data represented as least 
squares means ± SEM. Letters A and B represent differences between time points (P < 
0.05).  
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Table 4-5: Effects of starch source in maternal diet, time and maternal diet by time 
interaction for foal plasma glucose1 
  Sample P-value 
  1 d 28 d Treatment Time T X T 
Plasma 
Glucose 
(mmol/L) 
OB 7.00±0.351 6.72±0.351 
0.8396 0.5320 0.8004 
CWB 6.99±0.333 6.88±0.333 
1Data presented as least squares means ± SEM 
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CHAPTER 5: DISCUSSION AND CONCLUSIONS 
 The mature horse’s diet is mainly comprised of plant material that may be divided 
into two main categories; plant cell structural components and cell contents. The contents 
of plant cells are typically highly digestible whereas the structural components are not 
digested by the host enzymes, instead they are utilized by the microbial community in the 
gastrointestinal tract. The microbes utilize undigested carbohydrates to produce SCFAs 
that are absorbed by the animal and utilized for energy.  
Preserved or fresh forage provide enough energy to meet the requirements of 
many horses. However some physiological classes of horses, such as broodmares, have a 
higher energy requirement that are not met by forage alone. Therefore, additional dietary 
energy is often supplied by adding concentrates to the diet. These concentrates contain 
cereal grains with high starch concentrations. Dietary starch is typically digested in the 
foregut of the horse, however starch may bypass the enzymatic digestion in the foregut 
reaching the hindgut where it is rapidly fermented by the resident microbial community. 
The extent of enzymatic digestion of starch is dependent upon the amount, botanical 
origin, and extent of processing (Radicke et al., 1991; Potter et al., 1992; de Fombelle et 
al., 2003).  
Dietary starch sources (oats, corn, barley, etc.) have differential effects on the 
gastrointestinal microbial community of the mature horse (Harlow et al., 2015a; Harlow 
et al., 2016).  Because exposure to maternal feces is one route of inoculation of the foal’s 
digestive tract it was of interest to determine whether starch source in the maternal diet 
would affect the microbial community in the foal’s gastrointestinal tract.  
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In order to determine the effect of dietary starch source in pelleted concentrates 
on fecal bacteria in mares, starch sources were selected to represent a range of small 
intestinal digestibility. The OB concentrate represented highly digestible starch and the 
CWB concentrate represented less digestible starch. The selected starch sources had no 
effect on cellulolytic bacteria, TSU, or lactobacilli in the feces of mares in the current 
study. The lack of differences are in contrast to previous work in our lab that found 
feeding corn or oats to mature horses altered the number of TSU, lactobacilli, and 
cellulolytic bacteria (Harlow et al., 2016). The researchers observed effects of dietary 
starch source on fecal bacteria at high and low starch intakes (1 g/kg BW and 2 g/kg 
BW). Differences in fecal bacteria were already apparent when the horses were fed 50% 
of the final starch intake in the study by Harlow et al. (2016). In the current study, starch 
source in pelleted concentrates had no influence on fecal bacteria with starch intakes 
between 1 and 1.5 g starch/kg BW.   
Although starch intakes were similar in this study and in the study by Harlow et 
al. (2016), one of the differences between these studies is the extent of grain processing. 
Harlow et al. (2016) fed cereal grains that underwent little to no processing whereas in 
the current study, the cereal grains were pelleted. Pelleting cereal grains increases 
susceptibility of starch to enzymatic digestion in the foregut of mature horses, therefore 
minimizing the amount of starch reaching the hindgut (Radicke et al., 1991; McLean et 
al., 2000; Nielsen et al., 2010). Minimizing the amount of starch bypassing enzymatic 
digestion decreases the potential for altering the microbial community of the hindgut. In 
the current study, the enumerated fecal bacteria from mares were not influenced by starch 
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source in the pelleted concentrates. Therefore, pelleting the dietary starch sources may 
have altered the differential effects of starch source on the hindgut bacterial community. 
In the current study, the first fecal samples were collected after the mares had 
been adapted to and fed the assigned concentrates for 2 wk. Harlow et al. (2016) 
observed changes in fecal bacteria immediately following introduction of concentrates to 
a forage only diet and continued increasing the proportion of concentrate in the diet. The 
abrupt incorporation of concentrates to a forage-based diet has been shown to alter the 
fecal microbial community (de Fombelle et al., 2001). In contrast, the mares in the 
current study were adapted to the assigned concentrates for 2 wk before the first fecal 
samples were collected and had been fed concentrates with forage long before the study 
began. Therefore, the fecal microbial communities of the mares in the current study may 
have been well adapted to the starch sources when the first samples were collected 
resulting in the lack of treatment differences observed.   
Differences were observed in some fecal bacteria between the pre- and post-
partum period in mares. Cellulolytic bacteria and lactobacilli decreased 1 d after foaling 
whereas TSU did not change over time. There are many physiological changes occurring 
in the immediate postpartum period in the mare that may contribute to the changes in 
fecal bacteria. Management practices are altered, hormonal shifts occur, and intestinal 
capacity is altered. The mares in the current study had ad libitum access to forage 
throughout the study, however, it is not uncommon to have decreased intake the day of 
parturition. In dairy cattle, it has been well documented that dry-matter intake decreases 
before and the day of parturition (Marquardt et al., 1977; Grummer et al., 2004). Actual 
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forage intake of mares was not recorded in the current study, therefore we cannot 
conclude if a decrease in intake resulted in the change in bacteria.  
There was also a change in management after foaling; prior to foaling the mares 
were kept in individual stalls at night then turned out in outdoor paddocks during the day. 
After foaling, the mares remained in individual box stalls for 1 to 3 d before moving to 
individual small paddocks. Cellulolytic bacteria were slow to recover after parturition 
evidenced by remaining lower than pre-partum enumerations at 1 and 14 d postpartum. 
Cellulolytic bacteria increased to pre-partum levels between 14 d and 28 d postpartum. A 
decrease in forage intake the day of parturition may have caused the decrease in 
cellulolytic bacteria after foaling. Lactobacilli also decreased 1 d after parturition, 
however, lactobacilli reached levels similar to pre-partum by 14 d postpartum. Daily 
intake of assigned concentrates increased after foaling to meet the increased energy 
requirements with the onset of lactation. Increasing the proportion of concentrate in the 
diet has been shown to increase lactobacilli in mature horses and decrease cellulolytic 
bacteria (Julliand et al., 2001). Therefore, the increase of concentrate intake in the current 
study may have contributed to the depression of cellulolytic bacteria after parturition. The 
increase in concentrate intake after foaling would also provide more substrate to support 
the increase in lactobacilli from 1 d to 14 d postpartum.   
There were no differences in fecal TSU between the pre- and postpartum period 
in mares. However, lactobacilli, which are a type of starch-utilizing bacteria decreased at 
1 d postpartum. The fecal lactobacilli did not account for 100% of the fecal TSU from 
mares in the current study. The medium used to enumerate TSU in the present study 
includes many species of bacteria such as lactobacilli, enterococci, and streptococci. 
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Therefore, it is possible that other starch-utilizing bacteria may have increased 1 d 
postpartum to compensate for the decrease in lactobacilli. Enterococcus faecalis has been 
identified as a predominant starch-utilizing bacteria in the feces of mature horses 
(Harlow, 2015) and may have been a potential starch-utilizing bacteria that increased 
after foaling.  
The changes in some fecal bacteria in mares observed in the present study are in 
contrast to a previous study using molecular-based methods (Weese et al., 2015). Those 
authors reported a limited effect of parturition on the fecal microbiota of mares. 
However, samples were collected 1 d after foaling in the current study whereas Weese et 
al. (2015) collected samples within 4 d after foaling. We found that lactobacilli and 
cellulolytic bacteria decreased 1 d after parturition, therefore, it is possible that 
differences may not have been detected by Weese et al. (2015) because fecal samples 
were not collected from all mares 1 d postpartum.  
All enumerated bacteria changed with age in foals. Most notably, cellulolytic 
bacteria were not detected in the feces of most foals until 4 to 14 d of age. Cellulolytic 
bacteria progressively increased throughout the sampling period, however, they did not 
reach adult values by 28 d of age. The absence of detectible cellulolytic bacteria 1 d after 
birth is similar to previous work detecting fecal cellulolytic bacteria within the first week 
of life (Julliand et al., 1996; Faubladier et al., 2013). Faubladier et al. (2013) first 
detected cellulolytic bacteria 2 d after birth followed by a progressive increase and 
stabilization of cellulolytic bacteria 30 d after birth. Similarly, cellulolytic bacteria are not 
detected the day of birth but increase with age in young ruminants reaching adult levels 
by 3 wk of age (Anderson et al., 1987; Guzman et al., 2015). It is thought that fiber 
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digestion in the foal’s gastrointestinal tract is established by 2 mo of age (Faubladier et 
al., 2013). The results of the current study are in agreement with previous work in horses 
and ruminants in that cellulolytic bacteria do not appear to be pioneer species of the 
gastrointestinal tract and cellulolytic bacteria increase with age.  
Cellulolytic bacteria were not detected in the feces of 1 d old foals, however, there 
was an abundance of fecal TSU at 1 d of age. Fecal TSU of foals increased from 1 to 4 d 
of age then remained stable from 4 to 28 d of age. Similarly, Faubladier et al. (2013) 
reported an increase in TSU from 1 to 3 d after birth and little variation from 3 to 60 d of 
age. Starch-utilizing bacteria appear to be one of the first functional groups to colonize 
the digestive tract of newborn foals. Many bacteria in this functional group are facultative 
anaerobes with the ability to survive in the presence of oxygen enabling them to survive 
in the surrounding environment and colonize the gastrointestinal tract of the newborn 
foal, as seen in other species (Anderson et al., 1987; Agarwal et al., 2002). Lactobacilli 
have also been identified as early colonizers in the gastrointestinal tract of infants (Sela 
and Mills, 2010). Furthermore, anaerobic and facultative anaerobic bacteria are thought 
to be pioneer species of the rumen; streptococci and E. coli have been identified as 
predominant bacteria in newborn calves (Fonty et al., 1987; Minato et al., 1992). 
Some bacteria, such as starch-utilizers and lactobacilli, appear to colonize the 
gastrointestinal tract of the newborn foal rapidly after birth, reaching adult values by 1 d 
of age then exceeding adult values. In contrast, cellulolytic bacteria were slower to 
colonize, first detected in foal feces between 4 and 14 d of age and did not reach adult 
values by 28 d of age in the current study. Likewise in a previous study, foal TSU were 
higher than adult values soon after birth whereas cellulolytic bacteria were similar to 
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adult levels by 2 mo of age (Faubladier et al., 2013). Together these results indicate a 
change in microbial community structure as the foal ages. The microbial community in 
the gastrointestinal tract of human infants also increases in complexity with age and 
resembles that of adults by 12 mo of age (Stark and Lee, 1982; Koenig et al., 2011).  
The diet of newborn foals consists primarily of milk which does not contain 
starch, therefore the starch-utilizing bacteria detected 1 d after birth most likely utilize 
substrates other than starch, such as lactose and other oligosaccharides. Lactobacilli 
followed the same trend as TSU in the feces of foals. There was an increase in 
lactobacilli from 1 to 14 d of age and then numbers appeared to stabilize by 28 d of age. 
These results indicate that colonization of bacteria in the gastrointestinal tract of foals is a 
sequential process, as seen in other species (Kim et al., 2011).  
Starch source (OB or CWB) in the maternal diet did not influence the 
establishment of cellulolytic bacteria in foals. However, OB foals had more TSU and 
lactobacilli at 1 and 4 d of age. According to the literature, time spent grazing increases 
with a concomitant decrease in time spent nursing as foal’s age (Crowell-Davis et al., 
1985). Actual intake of forage and concentrate by individual foals is unknown in the 
current study, but was probably minimal at 1 d and 4 d of age when differences in the 
number of TSU and lactobacilli were observed between diet groups. Therefore, we 
cannot attribute the observed treatment differences in TSU and lactobacilli to the direct 
consumption of the assigned concentrates by the foals.  
Coprophagy is thought to be a potential source of microbial inoculation of the 
gastrointestinal tract of the foal (Crowell-Davis and Houpt, 1985). It has been reported 
that, when given the option, foals will choose the feces of their dam over the feces of 
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other adult horses (Crowell-Davis and Caudle, 1989). However, previous research in our 
lab found that microbial establishment in the foal up to 4 d of age was not influenced by 
coprophagy (Strasinger et al., 2013). It is unknown if the microbial composition of the 
maternal feces influences the establishment of certain bacterial groups in the foals 
gastrointestinal tract. Foals were observed coprophagizing in the current study but the 
frequency was not recorded. It is possible that consumption of maternal feces may have 
contributed to the bacterial differences observed between treatments in foal feces. There 
were no treatment differences in the enumerated bacteria in mare feces, however, there 
may have been differences in other bacteria that were not enumerated that could have an 
impact on the sequence of bacterial establishment in the foal.  
The proportion of cereal grains in the diet influences the composition of mare’s 
milk; protein and fat content decreases with an increase in the proportion of concentrate 
(Doreau et al., 1992). Furthermore, the composition of concentrate also influences milk 
composition. Hoffman et al. (1998) found that feeding a concentrate high in fat and fiber 
increased the protein content compared to feeding a concentrate high in sugar and starch. 
However, there is little information on the influence of dietary starch source on mares’ 
milk composition.    
It is known that different starch sources (oats, corn, barley, etc.) vary in their 
susceptibility to enzymatic digestion in the foregut of adult horses. Oat starch is thought 
to have higher foregut digestibility than corn starch (Potter et al., 1992; Meyer et al., 
1995; de Fombelle et al., 2004). It is possible in the current study that foregut digestion of 
the OB concentrate fed to mares yielded more simple sugars available for absorption by 
the small intestine than the CWB concentrate. 
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Glucose and galactose are supplied via blood to the mammary gland to synthesize 
lactose and other milk oligosaccharides that are secreted in the milk. In lactating humans, 
a large portion of dietary galactose is absorbed and transported directly to the mammary 
gland, bypassing metabolism by the liver. (Carlson, 1985; Kunz et al., 2000). There is 
63% structural overlap of equine milk oligosaccharides with human milk 
oligosaccharides (Difilippo et al., 2015). Furthermore, when oligosaccharide composition 
of different species were compared, oligosaccharides in equine milk were more abundant 
and more similar to human milk oligosaccharides than cow or goat milk (Monti et al., 
2015). The highest concentrations of human milk oligosaccharides occurs early in 
lactation (Kunz et al., 2000). Human milk oligosaccharides are resistant to enzymatic 
digestion in the small intestine of human infants. Instead, they are utilized by some 
bacteria (e.g. bifidobacteria) in the gastrointestinal tract of the neonate (Engfer et al., 
2000; Sela and Mills, 2010).  
In the current study, the OB foals had more lactobacilli and TSU within the first 4 
d after birth but differences were no longer present by 14 d of age. Therefore, differences 
in absorption of simple sugars such as glucose and galactose could have resulted in 
differential effects on carbohydrate concentration in the milk consumed by the foals. 
Furthermore, the differences in bacteria were observed early in the foal’s life, therefore, 
mare milk may follow a similar trend as human milk with the highest concentrations of 
oligosaccharides occurring early in lactation. It is unknown if the bacteria in the 
gastrointestinal tract of the foal are capable of utilizing mare milk oligosaccharides. 
Therefore, further research is required to fully understand the presence and functions of 
73 
 
mare milk oligosaccharides and their effects on the development of the gastrointestinal 
tract of the foal.  
Starch source in the pelleted concentrates did not influence plasma glucose in 
mares, however, plasma glucose changed over time in mares. An increase in plasma 
glucose 12 h after foaling is in agreement with previous studies observing an increase in 
glucose on the day of parturition in horses (Aoki and Ishii, 2012; Mariella et al., 2014). 
Cortisol also increases at parturition, as a result of physical stress (Morel, 2015). The 
increase in cortisol promotes gluconeogenesis in the liver, therefore, the rise in glucose at 
parturition could be due to an increase in gluconeogenesis. Foal plasma glucose 
concentration was not influenced by maternal diet and did not change over time. Plasma 
glucose concentration has been shown to decrease over time from 5 to 160 d of age 
(George et al., 2009). In the current study, blood samples were only collected at 1 d and 
28 d of age, therefore, differences over time were not observed.  
 Previous work reported the difference between pre- and postpartum body weight 
of mares to be 14% of postpartum body weight (Kowalski et al., 1990). Similarly, the 
difference between pre- and postpartum body weight of mares in the current study was 
14.5% and 15.8% of postpartum body weight for OB and CWB mares, respectively. Pre- 
and postpartum mare body weights were not affected by starch source in pelleted 
concentrates, however there was a linear increase in mare body weight after parturition 
for both concentrates. Foal birth weight as a percentage of mare body weight is estimated 
to be 9.7% (NRC, 2007). Our results were similar at 10.3% and 10.4% of dam’s 
postpartum body weight for OB and CWB foals, respectively. In addition, foal ADG was 
similar between treatments. Inclusion of different starch sources in pelleted concentrates 
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fed to mares did not appear to alter body weights of mares pre- or postpartum, foal birth 
weights, or foal ADG. The similar change in body weight suggests that the two 
concentrates provided similar amounts of digestible nutrients. Pelleting concentrates 
appears to have overcome differences in digestion of starch sources.  
The inclusion of concentrates in the maternal diet has been shown to decrease the 
IgG concentration of colostrum compared to a maternal diet of forage only (Thorson et 
al., 2010). Those authors investigated the effects of maternal plane of nutrition on foaling 
parameters by comparing grass pasture only and pasture plus a grain mix of sorghum, 
wheat middlings, soybean meal, soybean hulls, and a vitamin and mineral premix. There 
were no differences in colostrum concentrations of protein, fat, milk urea N, or somatic 
cell count. However, mares fed the concentrate had lower colostral IgG and lower Brix 
percentage than mares fed pasture only. Diet also influences IgG concentration in the 
milk of ewes and sows. Over- or under-feeding ewes or sows resulted in decreased IgG 
concentrations in milk compared to controls receiving 100% of nutrient requirements.  
(Swanson et al., 2008; Farmer and Quesnel, 2009).  
A refractometer was used as an indicator of IgG concentration in colostrum. The 
use of a refractometer provides qualitative assessment of the quality of colostrum and the 
resulting Brix % has been correlated with IgG concentration measured by an ELISA 
(Venner et al., 2008). Starch source appeared to influence the Brix % of colostrum in the 
current study. The mares fed the OB concentrate tended to have higher Brix % than CWB 
mares at parturition. Although there tended to be a difference between treatments in the 
mean Brix %, both treatment means were above the critical value for supplemental 
colostrum to the foal.  
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A refractometer is typically used to test the quality of colostrum as an indicator of 
IgG concentration, however, the scale in a Brix refractometer is designed to measure the 
amount of sucrose in a solution. The Brix % tended to be higher in colostrum from OB 
mares than CWB mares, which could suggest higher IgG or it could suggest a higher 
proportion of sugar in the colostrum of OB mares. The potential difference in colostrum 
composition may have resulted in the differences in fecal bacteria observed in foals at 1 d 
and 4 d after birth.  
Adding concentrates to the maternal diet has been shown to alter colostral IgG 
concentration (Thorson et al., 2010; Hammer et al., 2011), and furthermore, the starch 
source used in the concentrate may also influence the IgG concentration of the mare’s 
colostrum. However, further research is required to fully understand the effects of dietary 
starch source on the quality of mare colostrum.  
While starch source appeared to alter the quality of colostrum in the mares, there 
was no influence of starch source in the maternal diet on circulating IgG concentration in 
their foals. Winsco et al. (2010) found that mares fed forage tended to have higher IgG 
concentration in colostrum compared to mares fed forage plus concentrate. However, 
serum IgG concentration of their foals were not affected by maternal diet. Furthermore, 8 
of the foals received supplemental colostrum in the current study. The supplemental 
colostrum was given to ensure adequate passive transfer of immunity and may have led to 
the lack of treatment differences in foal IgG concentration. Together these results indicate 
that maternal diet may influence the quality of colostrum, however foals born from dams 
with differing colostrum quality may still achieve adequate passive transfer of immunity. 
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Therefore, other factors, such as volume of colostrum or time of colostrum consumption, 
must contribute to passive transfer of immunity in the foal.  
Although the previous studies (Harlow et al., 2015a; Harlow et al., 2016) 
suggested the minimally processed corn and oats produced differential effects on fecal 
microbial communities of adult horses, the results of the current study indicate that 
pelleted starch sources in concentrates did not affect the microbial community of pre-and 
postpartum mares. These data are in agreement with the literature that processing cereal 
grains alters the structure of the starch granule, therefore altering the susceptibility to 
enzymatic digestion in the foregut. Processing cereal grains appears to alter some of the 
effects of dietary starch source on the hindgut microbial community of mature horses. 
Our results also indicate that some hindgut bacteria are influenced by major physiological 
events, such as parturition. This finding may have clinical applications as post-foaling 
mares may be at increased risk for colic (Suthers et al., 2013). 
The hindgut microbial community of mature mares was not influenced by dietary 
starch source in pelleted concentrates, however, there was a transient influence of 
maternal diet on the microbial community of their foals. It is evident from our results that 
the colonization of the hindgut is a sequential process beginning early in the foal’s life. 
There appears to be an abundance of starch-utilizing bacteria in the gastrointestinal tract 
of the foal soon after birth, whereas other bacteria, such as cellulolytic bacteria, are 
slower to colonize. However, further research is required to fully understand the 
influence of maternal diet on the process of microbial colonization of the gastrointestinal 
tract of the foal. Understanding the colonization process in the foal will enable 
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researchers to continue developing strategies to improve nutrient utilization and minimize 
gastrointestinal upsets while maintaining optimal growth.  
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APPENDICES 
Appendix A: Mare fecal sample information 
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Appendix B: Foal enumeration data: fecal total starch-utilizers (CFU/g of feces)  
Horse Treatment  1 d 4 d 14 d 28 d 
Culpepper Island '15 CWB 106 107 109 109 
Tabadabado '15 CWB 108 109 109 109 
So Beautiful '15 CWB 102 108 109 108 
Kentucky Cat '15 CWB 108 108 109 109 
Blue Stream '15 CWB 108 108 109 109 
Contrition '15 CWB 109 108 1010 107 
Miss Hissy Fit '15 CWB 108 107 108 108 
Run Nola Run '15 CWB 107 109 109 109 
Reba's Cat '15 CWB 106 108 109 1010 
Damask Steel '15 OB 108 No Sample 107 108 
Sentimental Style '15  OB 108 109 109 108 
Possesting '15 OB No Sample 109 No Sample 109 
True Tear Drops '15 OB No Sample No Sample 109 108 
Rebina Lake '15 OB 109 109 109 109 
Chatelian '15 OB 109 109 109 108 
Vickie's Girl '15 OB 107 109 109 108 
Distant Vision '15 OB 107 109 1010 108 
Brave Boco '15 OB 109 109 109 107 
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Appendix C: Foal enumeration data: fecal lactobacilli (CFU/g of feces)  
Horse Treatment  1 d 4 d 14 d 28 d 
Culpepper Island '15 CWB 54,000 240,000 1,350,000 3,100,000 
Tabadabado '15 CWB 265,000 340,000 3,500,000 76,500,000 
So Beautiful '15 CWB 0 64,000 32,000,000 12,500,000 
Kentucky Cat '15 CWB 520,000 210,000 81,000,000 3,800,000 
Blue Stream '15 CWB 205,000 360,000 28,500,000 18,000,000 
Contrition '15 CWB 34,000 120,000 120,000,000 94,500,000 
Miss Hissy Fit '15 CWB 26,000 595,000 52,500,000 43,000,000 
Run Nola Run '15 CWB 36,000 625,000 290,000,000 13,500,000 
Reba's Cat '15 CWB 22,500 905,000 3,500,000 4,050,000 
Damask Steel '15 OB 175,000 No Sample 1,750,000 49,000,000 
Sentimental Style '15  OB 495,000 1,300,000 83,000,000 27,000,000 
Possesting '15 OB No Sample 835,000 No Sample 43,500,000 
True Tear Drops '15 OB No Sample No Sample 7,850,000 28,500,000 
Rebina Lake '15 OB 570,000 5,000,000 105,000,000 10,000,000 
Chatelian '15 OB 825,000 6,300,000 2,750,000 4,950,000 
Vickie's Girl '15 OB 102,500 765,000 4,500,000 3,250,000 
Distant Vision '15 OB 340,000 5,050,000 20,500,000 2,650,000 
Brave Boco '15 OB 285,000 3,400,000 39,500,000 295,000 
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Appendix D: Foal enumeration data: fecal cellulolytic bacteria (CFU/g of feces) 
Horse Treatment  1 d 4 d 14 d 28 d 
Culpepper Island '15 CWB 0 0 10,000 10,000 
Tabadabado '15 CWB 0 0 100 10,000 
So Beautiful '15 CWB 0 0 100 10,000 
Kentucky Cat '15 CWB 0 0 1,0000 10,000 
Blue Stream '15 CWB 0 0 100,000 10,000 
Contrition '15 CWB 0 100 100 10,000 
Miss Hissy Fit '15 CWB 0 0 100 10,000 
Run Nola Run '15 CWB 0 0 100 100,000 
Reba's Cat '15 CWB 0 0 1,000 10,000 
Damask Steel '15 OB 0 No Sample 10,000 100,000 
Sentimental Style '15  OB 0 0 0 100,000 
Possesting '15 OB No Sample 0 No Sample 1,000,000 
True Tear Drops '15 OB No Sample No Sample 1,000 10,000 
Rebina Lake '15 OB 0 0 10,000 1,00,000 
Chatelian '15 OB 0 0 10,000 10,000 
Vickie's Girl '15 OB 0 0 10,000 1,000,000 
Distant Vision '15 OB 0 0 100 100,000 
Brave Boco '15 OB 0 0 1,000 10,000 
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Appendix E: Mare enumeration data: fecal TSU (CFU/g of feces)  
Horse Treatment 324 d Prefoaling 1 d 14 d 28 d 
Culpepper Island  CWB No Sample 106 108 106 107 
Tabadabado  CWB 106 107 106 106 106 
So Beautiful  CWB 106 106 106 106 106 
Kentucky Cat  CWB 106 106 107 107 106 
Blue Stream  CWB 107 106 No Sample 106 105 
Contrition  CWB 106 No Sample 108 106 106 
Miss Hissy Fit  CWB 108 No Sample 107 107 107 
Run Nola Run  CWB 108 108 106 107 107 
Brave Boco  CWB 107 No Sample 106 106 106 
Damask Steel  OB No Sample 106 106 106 108 
Sentimental Style  OB 106 106 108 107 106 
Possesting  OB 106 107 108 106 107 
True Tear Drops  OB 107 108 107 107 106 
Rebina Lake  OB 105 106 108 106 108 
Chatelian  OB 106 105 107 106 107 
Vickie's Girl  OB 108 107 107 107 108 
Distant Vision  OB 107 107 106 106 107 
Reba's Cat  OB 107 106 107 107 107 
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Appendix F: Mare enumeration data: fecal lactobacilli (CFU/g of feces)  
Horse Treatment 324 d  Prefoaling 1 d 14 d 28 d 
Culpepper Island  CWB No Sample 109,500 75,500 620,000 1,600,000 
Tabadabado  CWB 170,000 155,000 56,000 1,550,000 64,500 
So Beautiful  CWB 260,000 285,000 160,000 1,005,000 2,750,000 
Kentucky Cat  CWB 43,000 96,000 110,000 385,000 945,000 
Blue Stream  CWB 190,000 115,000 No Sample 325,000 105,000 
Contrition  CWB 1,600,000 No Sample 43,000 445,000 220,000 
Miss Hissy Fit  CWB 430,000 No Sample 56,500 60,500 355,000 
Run Nola Run  CWB 99,500 510,000 115,000 505,000 925,000 
Brave Boco  CWB 103,000 No Sample 29,500 210,000 165,000 
Damask Steel  OB No Sample 520,000 275,000 175,000 1,650,000 
Sentimental Style  OB 520,000 76,500 1,050,000 405,000 670,000 
Possesting  OB 475,000 64,000 210,000 225,000 275,000 
True Tear Drops  OB 185,000 670,000 185,000 155,000 535,000 
Rebina Lake  OB 345,000 515,000 16,500 290,000 490,000 
Chatelian  OB 31,500 107,500 73,500 175,000 38,500 
Vickie's Girl  OB 62,500 47,000 100,500 235,000 180,000 
Distant Vision  OB 335,000 260,000 120,000 865,000 485,000 
Reba's Cat  OB 230,000 110,000 28,000 445,000 195,000 
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Appendix G: Mare enumeration data: fecal cellulolytic bacteria (CFU/g of feces)  
Horse Treatment 324 d  Prefoaling 1 d 14 d 28 d 
Culpepper Island  CWB No Sample 106 106 106 107 
Tabadabado  CWB 106 105 105 104 106 
So Beautiful  CWB 107 106 105 105 108 
Kentucky Cat  CWB 107 106 106 107 108 
Blue Stream  CWB 105 106 No Sample 104 106 
Contrition  CWB 106 No Sample 107 105 106 
Miss Hissy Fit  CWB 105 No Sample 105 105 106 
Run Nola Run  CWB 107 107 106 106 106 
Brave Boco  CWB 105 No Sample 104 104 105 
Damask Steel  OB No Sample 105 105 106 105 
Sentimental Style  OB 105 105 106 105 106 
Possesting  OB 106 106 106 106 106 
True Tear Drops  OB 108 107 107 107 106 
Rebina Lake  OB 105 106 106 105 106 
Chatelian  OB 105 105 104 105 105 
Vickie's Girl  OB 106 105 105 105 107 
Distant Vision  OB 107 107 105 105 105 
Reba's Cat  OB 105 104 104 104 105 
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Appendix H: Mare BW (kg): 4 wk before and 4 wk after parturition 
  Weeks from Parturition 
Horse Treatment -4 -3 -2 -1 1 2 3 4 
Culpepper Island  CWB    674.5 583.0 566.0 581.0 589.5 
Tabadabado  CWB 636.5 682.0 665.5 681.5 582.0 597.5 623.5 616.5 
So Beautiful  CWB 735.5 731.0 752.0 758.0 671.0 669.5 695.0 696.5 
Kentucky Cat  CWB 558.5 552.5 576.0 579.5 495.0 493.0 501.0 496.5 
Blue Stream  CWB 636.0 620.5 638.5 645.0 565.5 580.5 584.0 568.0 
Contrition  CWB 668.0 660.5 680.0 687.0 617.0 625.5 642.5 645.0 
Miss Hissy Fit  CWB 638.0 665.5 671.0 697.5 596.0 605.0 613.5 619.0 
Whom Shall I 
Fear  CWB 710.5 704.5 711.0 721.0 596.0 641.0 630.5 629.0 
Run Nola Run  CWB 634.0 626.5 603.0 626.0 559.0 568.0 560.5 558.0 
Brave Boco  CWB 614.0 622.0 630.0 631.0 528.5 551.5 541.0 550.0 
Mean   647.9 651.7 658.6 670.1 579.3 589.8 597.3 596.8 
          
Damask Steel  OB    571.0 500.0 476.0 495.0 499.0 
Sentimental Style  OB 589.0 539.5 518.0 551.0 473.0 490.0 480.0 503.0 
Possesting  OB 711.5 684.0 675.5 698.5 611.5 620.0 635.0 645.0 
True Tear Drops  OB 582.5 551.0 590.0 586.5 521.0 542.0 558.5 568.0 
Rebina Lake  OB 607.0 620.0 633.0 636.5 566.0 547.0 576.0 585.5 
Chatelian  OB 709.0 712.0 718.0 715.0 613.5 620.0 610.5 634.5 
Vickie's Girl  OB 641.0 671.0 667.0 674.0 585.5 571.5 588.5 579.5 
Distant Vision  OB 660.0 672.0 665.0 621.5 549.5 549.5 548.0 535.0 
Reba's Cat OB 664.5 633.5 654.5 648.5 562.0 564.0 579.0 555.5 
Mean   645.6 635.4 640.1 633.6 553.6 553.3 563.4 567.2 
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Appendix I: Mare BCS: 4 wk before and 4 wk after parturition 
  Weeks from Parturition 
Horse Treatment -4 -3 -2 -1 1 2 3 4 
Culpepper Island  CWB    5.0   5.0  5.5 
Tabadabado  CWB 5.0  5.0   4.5   
So Beautiful  CWB  6.0  5.5    6.0 
Kentucky Cat  CWB  4.5  4.5  4.5  4.5 
Blue Stream  CWB  5.5   5.0   5.0 
Contrition  CWB   6.0     6.0 
Miss Hissy Fit  CWB 6.0  6.0  6.0    
Whom Shall I 
Fear  CWB   5.5 5.0     
Run Nola Run  CWB 5.0   4.5 4.0  4.0  
Brave Boco  CWB 5.5  5.5   5.5 5.5  
Damask Steel  OB    4.0  4.0  4.0 
Sentimental Style  OB 5.5  5.0  4.5    
Possesting  OB 5.5  5.5  5.5    
True Tear Drops  OB  5.0  5.0    5.0 
Rebina Lake  OB       5.0 5.5 
Chatelian  OB   5.0 5.0  6.0   
Vickie's Girl  OB 5.5   5.0   5.0  
Distant Vision  OB  6.0   6.0 6.0  6.0 
Reba's Cat  OB  
 6.0 6.0  6.0   
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Appendix J: Weekly BW weights (kg) and ADG of foals 
Horse Treatment ADG Birth 1 wk 2 wk 3 wk 4 wk 
Culpepper Island '15 CWB 1.79 54.0 67.0 78.5 93.0 104.0 
Tabadabado '15 CWB 2.04 60.5 77.0 89.5 105.5 117.5 
So Beautiful '15 CWB 1.95 64.0 79.5 96.0 107.0 118.5 
Kentucky Cat '15 CWB 1.07 55.0 62.0 72.0 79.5 85.0 
Blue Stream '15 CWB 1.80 61.5 78.0 91.5 105.0 112.0 
Contrition '15 CWB 2.07 59.0 75.5 91.0 104.5 117.0 
Miss Hissy Fit '15 CWB 1.39 57.5 77.5 91.5 102.0 110.0 
Whom Shall I Fear '15 CWB 1.07 72.0 89.0 100.5 108.5 111.0 
Run Nola Run '15 CWB 1.57 51.5 57.0 66.5 73.0 81.5 
Brave Boco '15 CWB 1.88 57.5 77.5 91.5 102 110 
Mean CWB 1.66 59.3 74.0 86.9 98.0 106.7 
Damask Steel '15 OB 1.71 47.0 70.0 82.0 90.0 95.0 
Sentimental Style '15 OB 1.73 54.0 80.0 85.0 93.5 100.0 
Possesting '15 OB 2.05 66.5 82.0 97.0 105.0 115.0 
True Tear Drops '15 OB 2.11 52.0 73.0 83.5 94.5 109.0 
Rebina Lake '15 OB 2.09 56.5 73.5 91.5 105.5 115.5 
Chatelian '15 OB 1.63 60.0 76.5 96.0 107.5 118.5 
Vickie's Girl '15 OB 1.45 56.0 72.0 80.5 95.0 107.5 
Distant Vision '15 OB 1.57 61.5 73.5 83.0 95.0 102.0 
Reba's Cat '15 OB 1.64 52.0 63.0 75.0 86.0 96.0 
Mean OB 1.78 56.2 73.7 85.9 96.9 106.5 
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Appendix K: Foal information: circulating IgG level at approximately 12 h after birth, 
colostrum score, amount and source of supplemental colostrum administered 
Horse Treatment 
IgG 
(mg/dl)1 
Colostrum 
Score2 
Amount 
(oz) Source 
IV 
Plasma 
Culpepper Island '15 CWB 1114 21    
Tabadabado '15 CWB 977 23    
So Beautiful '15 CWB 1309 26    
Kentucky Cat '15 CWB 371 13 6.0 So Beautiful '14 1 L 
Blue Stream '15 CWB 1658 23  Rebina Lake '14  
Contrition '15 CWB 1082 21 3.5 Distant Vision '14  
Miss Hissy Fit '15 CWB 855 30    
Whom Shall I Fear '15 CWB 406 16 8.0 Vickie's Girl '14  
Run Nola Run '15 CWB 466 14 6.5 Miss Hissy Fit '14  
Brave Boco '15 CWB >1600 24    
Damask Steel '15 OB 1196 19 7.0 Possesting ‘14  
Sentimental Style '15 OB >1600 32    
Possesting '15 OB >1600 26    
True Tear Drops '15 OB >1600 31    
Rebina Lake '15 OB 1382 22    
Chatelian '15 OB >1600 33    
Vickie's Girl '15 OB >1600 27 9.0 Blue Stream '14  
Distant Vision '15 OB 376 17 6.0 Italian Opera '14 1 L 
Reba's Cat '15 OB >1600 29    
1Hagyard Equine Medical Institute Laboratory, Lexington, KY  
2Equine Colostrum Refractometer, Animal Reproduction Systems, Inc., Chino, CA 
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Appendix L: Daily udder scores of mares 
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Appendix M: Glucose concentration (mmol/L) data: mare plasma 
Horse Treatment 324 d Prefoal 12 h 4 d 14 d 28 d 
Culpepper Island CWB N/A 4.6 5.1 4.0 4.0 4.7 
Tabadabado CWB 3.5 4.1 4.8 4.3 4.5 4.3 
So Beautiful CWB 4.2 4.2 4.8 4.1 5.1 4.6 
Kentucky Cat CWB 4.3 4.1 5.2 4.2 4.8 4.2 
Blue Stream CWB 3.9 4.1 7.3 3.9 4.1 3.6 
Contrition CWB 4.0 N/A 5.1 4.1 5.0 4.1 
Miss Hissy Fit CWB 3.9 N/A 5.3 3.9 4.0 3.9 
Whom Shall I Fear CWB 3.4 3.9 4.0 3.8 3.7 2.5 
Run Nola Run CWB 4.2 3.9 4.0 3.8 3.4 3.7 
Brave Boco CWB 4.1 N/A 4.3 4.3 4.0 3.6 
Mean CWB 4.0 4.1 5.0 4.0 4.2 3.9 
Damask Steel OB N/A 3.8 4.0 3.6 2.7 3.5 
Sentimental Style OB 3.6 7.1 4.4 3.8 4.0 4.3 
Possesting OB 4.0 5.0 5.6 4.1 4.3 4.5 
True Tear Drops OB 4.0 4.1 4.2 4.1 4.1 4.6 
Rebina Lake OB 3.9 3.8 6.0 3.5 4.0 3.6 
Chatelian OB 4.4 4.5 4.2 4.0 3.9 3.5 
Vickie's Girl OB 3.6 3.7 4.1 3.8 3.6 3.2 
Distant Vision OB 4.1 4.6 5.1 4.1 4.0 3.6 
Reba's Cat OB 4.7 3.9 4.8 4.2 3.8 4.1 
Mean OB 4.1 4.5 4.7 3.9 3.8 3.9 
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Appendix N: Glucose concentration (mmol/L) data: foal plasma  
Horse Treatment 12 h 28 d 
Culpepper Island '15 CWB 6.1 7.5 
Tabadabado '15 CWB 9.7 8.0 
So Beautiful '15 CWB 10.4 7.0 
Kentucky Cat '15 CWB 6.1 7.7 
Blue Stream '15 CWB 6.7 5.6 
Contrition '15 CWB 6.7 7.6 
Miss Hissy Fit '15 CWB 6.1 5.7 
Whom Shall I Fear '15 CWB 6.2 6.9 
Run Nola Run '15 CWB 6.5 6.0 
Brave Boco '15 CWB 5.5 6.8 
Mean CWB 7.0 6.9 
Damask Steel '15 OB 6.8 7.7 
Sentimental Style '15  OB 6.5 6.9 
Possesting '15 OB 7.0 6.9 
True Tear Drops '15 OB 6.1 6.5 
Rebina Lake '15 OB 8.0 7.2 
Chatelian '15 OB 7.2 6.0 
Vickie's Girl '15 OB 7.7 6.9 
Distant Vision '15 OB 6.1 6.8 
Reba's Cat '15 OB 7.6 5.8 
Mean OB 7.0 6.7 
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Appendix O: Phosphate Buffered Saline (PBS)  
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 8 g of NaCl 
3. Add 0.20 g of KCl 
4. Add 1.44 g of Na2HPO4 
5. Add 0.24 g of KH2PO4 
6. Adjust pH to 7.4 with HCl 
7. Add double distilled H2O until a total volume of 1 Liter 
8. Autoclave for 20 min at 121°C Liquid Cycle 
9. Remove from autoclave at 90°C and immediately place under N2 gas 
10. Cool to room temperature under N2 gas 
11. Dispense into tubes 9 mL per Hungate tube while gasing with N2 
12. Autoclave tubes for 20 min at 121°C  
13. Ready for use 
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Appendix P: Medium Additions 
Salt A 
(per Liter) 
1. Add 7.3 g of K2HPO4 * 3H2O or 6.0 g of K2HPO4 
2. Ready for Use 
 
Salt B 
(per Liter) 
1. Begin with 1 L of double distilled H2O 
2. Add the following one at a time 
a. 6.0 g of KH2PO4 
b. 12.0 g of (NH4)2SO4 
c. 12.0 g of NaCl 
d. 2.5 g of MgSO4 * 7H2O  
e. 1.6 g of CaCl2*2H2O 
3. Ready for Use 
 
Volatile Fatty Acid Solution 
(1 Liter of solution) 
1. 408 mL acetate 
2. 144 mL propionate 
3. 72 mL butyrate 
4. 24 mL valerate 
5. 24 mL isovalerate 
6. 24 mL isobutyrate 
7. 24 mL 2-methyl butyrate  
8. Adjust to 1 L with double distilled H2O 
9. Ready for Use 
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Appendix Q: Cellulolytic Defined Medium (PC+VFA+PAA) 
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 40 mL of Salt A 
3. Add 40 mL of Salt B 
4. Add 0.50 g of Yeast Extract 
5. Add 1.00 g of Trypticase 
6. Add 0.60 g of Cysteine Hydrochoride  
7. Add 1 mg of Phenylacetate  
8. Add 3.1 mL of VFA solution 
9. Add 1 mL of resazurin solution  
10. Adjust pH to 6.5 with NaOH 
11. Autoclave for 20 min at 121°C Liquid Cycle 
12. Remove from autoclave at 90°C and immediately place under CO2 gass 
13. Cool to rooom temperature under CO2 gas 
14. Add 4 g Na2CO3  
15. Transfer to anaerobic chamber and dispense 9 mL per Hungate tube  
16. Autoclave tubes for 20 min at 121°C  
17. Ready for use 
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Appendix R: Total Starch-Utilizing Bacteria Medium  
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 40 mL of Salt A 
3. Add 40 mL of Salt B 
4. Add 0.60 g of Cystteine Hydrochloride  
5. Add 0.50 g of Yeast Extract 
6. Add 1.00 g of Trypticase  
7. Add 10 g of Soluble Potatoe Starch  
8. Add 120 mL of double distilled H2O  
9. Heat with frequent agitation and boil for 1 min to completely dissolve starch 
10. Cool to room temperature 
11. Adjust pH to 6.5 with NaOH 
12. Autclave for 20 min at 121°C Liquid Cycle 
13. Remove from autoclave at 90°C and immediately place under CO2 gas 
14. Cool to room temperature under CO2 gas 
15. Add 4 g of Na2CO3 
16. Transfer to anaerobic chamber and dispense 9 mL into Hungate tubes 
17. Autoclave tubes for 20 min at 121°C  
18. Ready for use 
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Appendix S: Rogosa Agar Medium 
(1 Liter) 
1. Suspend 75 g of Rogosa powder in 1 L of doubl deionized water 
2. Heat with frequent agitation and boil for 1 min to completely dissole the powder 
3. Add 1.32 mL of glacial acetic acid. Mix well and boil for 2-3 min 
4. Do not autoclave 
5. Wait unitl colls to touch and pour ~25 mL per plate 
6. Ready for use 
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